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PREFACE. 



In the follomng pages I have tried to render the science 
of Acoustics interesting to all intelligent persons, including 
those who do not possess any special scientific culture. 

The subject is treated experimentally throughout, and 
I have endeavoured so to place each experiment before 
the reader, that he should realise it as an actual operation. 
My desire indeed has been to give distinct images of the 
various phenomena of acoustics, and to cause them to be 
seen mentally in their true relations. 

I have been indebted to the kindness of some of my 
English friends for a more or less complete examination of 
the proof sheets of this work. To one celebrated Grerman 
friend, who has given himself the trouble of reading the 
proofs from beginning to end, my special thanks are due 
and tendered. 

There is a growing desire for scientific culture through- 
out the civilised world. The feeling is natural, and, under 
the circumstances, inevitable. For a power which in- 
fluences so mightily the intellectual and material action of 
the age, could not fail to arrest attention and challenge 
examination. In our schools and universities a move- 
ment in favour of science has begun which, no doubt, 
will end in the recognition of its claims, both as a source 
of knowledge and as a means of discipline. If by 
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showing, however inadequately, the features and the mien 
of physical science to men of influence who derive their 
culture from another source, this book should indirectly 
aid those engaged in the movement referred to, it will 
not have been written in vain. 

I have placed in front of the book a portrait of 
Chladni, for which, and the autograph underneath it, I 
am indebted to my eminent friend Professor W. Weber of 
Grottingen. It was gratifying to me to find my estimate 
of Chladni confirmed by Professor Weber, who thus writes 
to me regarding the great acoustician : ' I knew Chladni 
personally. From my youth up, he was my leader and 
model as a man of science, and I cannot too thankfully 
acknowledge the influence which his stimulating encou- 
ragement, during the last years of his life, had upon my 
own scientific labours.' 

Four years ago a work was published by Professor 
Helmholtz, entitled * Die Lehre von den Tonempfindimgen,' 
to the scientific portion of which I have given considerable 
attention. Copious references to it will be found in the 
following pages ; but they fail to give an adequate idea of 
the thoroughness and excellence of the work. To those 
especially who wish to pursue the subject into its aesthetic 
developments, the Third Part of the Tonempfindungen 
cannot fail to be of the highest interest and use. 

Finally, I have ventured to connect this book with the 
name of a man, who, had he lived, would have been the 
first to turn it to good account; who blended in his 
own beautiful character the wisdom of mature years with 
the spring-like freshness of a boy. When together indeed, 
we were men and boys by turns. This union of life, love, 
and wisdom rendered Eichard Dawes a great educator of 
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the young, in which capacity, and to the incalculable 
profit of the village children on whom his influence fell, 
he nobly and beneficently spent his life. 



The Illustrations of this work were for the most part 
drawn for me by Mr. Becker, to whose ability as a 
mechanician and to whose skill as a draughtsman I am 
continually indebted. The wood engravings were executed 
by Mr. Branston, and the portrait of Ghladni by Mr. 
H. Adlard. 
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LECTURE I. 

THE NERVES AND SENSATION — PRODUCTION AND PROPAGATION OF SONOROUS 
MOTION — EXPERIMENTS ON SOUNDINQ BODIES PLACED IN VACUO — ACTION 

OF HYDROGEN ON THE VOICE PROPAGATION OF SOUND THROUGH AIR OF 

VARYING DENSITY — REFLECTION OF SOUND ECHOES REFRACTION OF 

SOUND INFLECTION OF SOUND ; CASE OF ERITH VILLAGE AND CHURCH 

INFLUENCE OF TEMPERATURE ON VELOCITY — INFLUENCE OF DENSITY 

|»? AND ELASTICITY NETVTON'S CALCULATION OF VELOCITY — THERMAL CHANGES 

PRODUCED BY THE SONOROUS WAVE — ^LAPLACb's CORRECTION OF NEWTON's 
FORMULA — RATIO OF SPECIFIC HEATS AT CONSTANT PRESSURE AND AT 

CONSTANT VOLUME DEDUCED FROM VELOCITIES OF SOUND MECHANICAL 

EQUIVALENT OF HEAT DEDUCED FROM THIS RATIO — INFERENCE THAT AT- 
MOSPHERIC AIR POSSESSES NO SENSIBLE POWER TO RADIATE HEAT — 
VELOCITY OF SOUND IN DIFFERENT GASES — VELOCITY IN LIQUIDS AND 
SOLIDS — INFLUENCE OF MOLECULAR STRUCTURE ON THE VELOaTY OF 
SOUND. 

THE various nerves of the human body have their 
origin in the brain, and the brain is the seat of sen- 
sation. When you wound your finger, the nerves which 
run from the finger to the brain convey intelligence of 
the injury, and if these nerves be severed, however serious 
the hurt may be, no pain is experienced, l^^^ave the 
strongest reason for believing that what the nerves convey 
to the brain is in all cases motion. It is the motion excited 
by sugar in the nerves^ of ^te which, transmitted to thtj. 
brain , produces the sensation of sweetness, while bitterness 
is the result of the motion produced by aloes. It is 
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2 LECTURE I. 

the motion excited in the olfactory nerves by the efflu- 
vium of a rose, which announces itself in the brain as 
the odour of the rose. It is the motion imparted by 
the sunbeams to the optic nerve which, when it reaches 
the brain, awakes the consciousness of light; while a 
similar motion imparted to other nerves resolves itself 
into heat in the same wonderful organ.* 

The motion here meant is not that of the nerve as a 
whole ; it is the vibration, or tremor, of its molecules or 
smallest particles. 

Different nerves are appropriated to the transmission of 
diflferent kinds of molecular motion. The nerves of taste, 
for example, are not competent to transmit the tremors of 
light, nor is the optic nerve competent tx) transmit sonorous 
vibration. / For jhis latter a spe cial nerve is necessary, which 
passes from the brain into one of the cavities of the ear, 
^nd there spreads out in a multitude of filaments. Itjs 
the motion imparted to this, the auditoi^ nerve^ which, 
In the^ brain, is translated into sound. 

We have this day to examine how sonorous motion is 
produced and propagated. Applying a flame to this small 
collodion balloon, which contains a mixture of oxygen and 
hydrogen, the gases explode, and every ear in this room is 
conscious of a shock, to which the name of sound is given. 
How was this shock transmitted from the balloon to your 
organs of hearing? Have our exploding gases shot the 
air-particles against the auditory nerve as a gun shoots a 
ball against a target? No doubt, in the neighbourhood 
of the balloon, there is to some extent a propulsion of 
particles L-Jj^t air shooting through air comes speedily 
to rest, and no particle of air from the vicinity of the 
balloon reached the ear of any person here present. The 

* The rapidity with which an impre«sion is transmitted through the 
nerves, as first determined by Helmholtz and confirmed by Du Bois Raymond, 
is 93 feet a second. 
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process was this : — When the flame touched the mixed 
gases they combined chemically, and their union was ac- 
companied by the development of intense heat. The air 
at this hot focus expanded suddenly, forcing the surround- 
ing air violently away on all sides. This motion of the 
air close to the balloon was rapidly imparted to that a 
little further off, the air first set in motion coming at the 
same time to rest. The air, at a little distance, passed its 
motion on to the air at a greater distance, and came also 
in its turn to rest. Thus each shell of air, if I may use 
the term, surrounding the balloon, took up the motion of 
the shell next preceding, and transmitted it to the next 
succeeding shell, the motion being thus propagated as a 
pulse or wave tKrough the air. 

In air at the freezing"Temperature this pulse is propa- 
gated with a speed of 1,090 feet a second. 

The motion of thej^u lge must not be confounded with 
the motion of th e particle s which at any moment constitute 
the pulse. For while the wave moves forward through 
considerable distances, each particular particle of air makes 
only a small excursion to and fro. 

Fig. 1. 



The process may be*rudely represented by the propaga- 
tion of motion through a row of glass balls, such as are 
employed in the game of solitaire. I place these balls 
along a groove thus, fig. 1, each of them touching its 
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neighbours. Taking one of them in my hand, I urge it 
against the end of the row. The motion thus imparted 
to the first ball is delivered up to the second, the motion 
of the second is delivered up to the third, the motion 
of the third is imparted to the fourth; each ball, after 
having given up its motion, returning itself to rest. The 
last ball only of the row flies away. Thus is sound conveyed 
from particle to particle through the air. The particles 
which fill the cavity of the ear are finally driven against 
tlie tympan ic membrcm e^ which is stretched across ,the 
pas sage leading to the brain. This membrane, which 
closes the 'drum' of the ear, is thrown into vibration, 
its motion is transmitted to the_^nds of the auditory 
nerve, and afterwards along the nerve to the braiu^ where 
tTie' vib rations are t ransla ted into sound. How it is that 
the motion of the nervous matter can thus excite the 
consciousness of sound is a mystery which we cannot 
fathom. 

Let me endeavour to illustrate the propagation of sound 
by another homely but useful illustration. I have here 




five young assistants, a, b, c, d, and e, fig. 2, placed in a row, 
one behind the other, each boy's hands resting against the 
back of the boy in front of him. e is now foremost, and 
A finishes the row behind. I suddenly push a ; a pushes 
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B, and regains his upright position ; b pushes c ; c pushes 
D ; D pushes E ; each boy, after the transmission ot the 
push, becoming himself erect, e, having nobody in front, 
is thrown forward. Had he been standing on the edge 
of a precipice, he would have fallen over ; had he stood 
in contact with a window, he would have broken the glass ; 
had he been close to a drum-head, he would have shaken 
the drum. ' We could thus transmit a push through a 
row of a hundred boys, each particular boy, however, only 
swaying to and fro. Thus, also, we send sound through 
the air, and shake the drum of a distant ear, while each 
particular particle of the air concerned in the transmission 
of the pulse makes only a small oscillation. 

Scientific education ought to teach us to see the in- 
visible as well as the visible in nature ; to picture^ mtk 
the eye of the mind those operations which entirely 
elude the eye of the bodyj to look at t he very atoi 
matter in m otion and at rest, and to follow them forth, ^ 
without "ever once losing sight of them, into the world 
of the senses, and see them there integrating themselves 
in natural phenpmena. With regard to the point now 
under consideration, you will, I trust, endeavour to form 
a definite image of a wave of sound. You ought to see 
mentally the air particles when urged outwards by the 
explosion of our balloon crowding closely together ; but 
immediately behind this condensation you ought to see the 
particles separated more widely apart. You ought, in short, 
to be able to seize the conception that a sonorous wave con- 
sists of two portions, in the one of which the air is more 
dense, and in the other of which it is less dense than usual. 
A condensation and a rarefaction, then, are the two con- 
stituents of a wave of sound.* 

Let us turn once more to our row of boys, for we have 

* A Fonorous wave will be more strictly defined in Lecture U. 
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not yet extracted from them all that they can teach us. 
When I push a, he may yield languidly, and thus tardily 
deliver up the motion to his neighbour b. b may do the 
same to c, c to d, and n to e. In this way the motion 
may be transmitted with comparative slowness along 
the line. But A, when I push him, may, by a sharp 
muscular eflfort and sudden recoil, deliver up promptly 
his motion to b, and come himself to rest ; B may do the 
same to c, c to d, and d to e, the motion being thus trans- 
mitted rapidly along the line. Now this sharp muscular 
effort and sudden recoil is analogous to the elasticity 
of the air in the case of sound. In a wave of sound, 
a lamina of air, when urged against its neigtbour lamina, 
delivers up its motion and recoils, in virtue of the elastic 
force exerted between them ; and the more rapid this 
delivery and recoil, or in other words the greater the 
elasticity of the air, the greater is the velocity of the 
sound. 

But if air be thus necessary to the propagation of sound, 
what must occur when a sonorous body, a ringing bell for 
example, is placed in a space perfectly void of air ? Out of 
that space the sound could never come. The hammer might 
strike, but it would strike silently. A celebrated experiment 
which proved this was made by a philosopher named Hawks- 
bee, before the Koyal Society in 1705.* He so fixed a bell 
within the receiver of an air-pump, that he could ring the 
bell when the receiver was exhausted. Before the air was 
withdrawn the sound of the bell was heard within the re- 
ceiver ; after the air was withdrawn the sound became so 
faint as to be hardly perceptible. I have here an arrange- 
ment which enables me to repeat, in a very perfect manner, 
the experiment of Hawksbee. Within this jar, G G^ fig. 3, 
restingon the plate of an air-pump is a bell, b, associated with 

* Philosophical Transactions, 1705. 
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clockwork,* I exhaust the jar as perfectly as possible, and 
now, by means of a rod, rr\ which passes air-tight through 
the top of the vessel, I loose the detent which holds the ham- 
mer. It strikes, and you see it striking, but only those close 
to the bell can hear the sound. I now allow hydrogen ^as, 
which you know is fourte en 
times ligfhter than air , to enter 
the vessel. The sound of the 
bell is not sensibly augmented 
by the presence of this attenu- 
ated gas, though the receiver 
is now full of it.t By work- 
ing the pump, the atmosphere 
round the bell is rendered still 
mpre attenuated./ In this way 
we obtain a vacuum more 
perfect than that of Hawks- 
bee, and this is important, for 
it is the last traces of air that 
are chiefly effective in this 
experiment. You now see the 
hammer pounding the bell, 
but you hear no sound. Even 
when I place my ear against 
the exhausted receiver, I am 
unrible to hear the faintest tinkle. Observe also that 
the bell is suspexided by strings, for if it were allowed to 
rest upon the plate of the air-pump, the vibrations would 
communicate themselves to the plate, and be transmitted 

♦ A very effective instrument presented to the Royal Institution by Mr. 
Warren De la Rue. 

t Leslie, I believe, was the fir^t to notice this. Air, it may be stated, 
reduced to the specific gravity of hydrogen, transmits the sound of the bell 
vastly bett«r than hydrogen. A whole atmosphere of this gas has no 
sensible effect in restoring the sound of the bell, while the fifteenth of an 
atmosphere of air renders its ringing very audible. 
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to the air outside. All that I can hear by the most con- 
centrated attention, with my ear placed against the receiver, 
is a feeble thud, due to the transmission of the shock of 
the iiammer through the strings which support the bell. 
I now permit air to enter the jar with as little noise as 
possible. You immediately hear a feeble sound, which 
grows louder as the air becomes more dense; and now 
every person in this large assembly distinctly hears the 
ringing of the belL* 

At^gre^eA gvatjops in the atmosphere sound is sensibly 
diminishe d in loudn ess. De Saussure thought the explosion 
o? a pistol at the summit of Mont Blanc to be about equal 
to that of a common cracker below. I have several times 
repeated this experiment: first, in default of anything 
better, with a little tin cannon, the torn remnants of 
which are now before you, and afterwards with pistols. 
What struck me was the a bsenc e of that density an d 
s harp ness in the sound which characterise it at lower 
elevations. The pistol-shot regeiable^ the explosion of a 
champag ne bottle, but it was still loud, The withdrawal 
of half an atmosphere does not very materially affect our 
ringing bell, a.nd air of the density found at the top of 
Mont Blanc is still capable of powerfully affecting the 
auditory nerve . That highly attenuated air is able to 
convey sound of great intensity, is forcibly illustrated by 
the explosion of meteorites at great elevations above the 
earth. Here, however, the initial disturbance must be 
exceedingly violent. 

The motion of sound, like all other motion, is enfeebled 
by its transference from a light body to a heavy one. 
I remove the receiver which has hitherto covered our bell ; 

* By directing the beam of an electric lamp on glass bulbs filled with a 
mixture of equal volumes of chlorine and hydrogen, I have caused the bulbs 
to explode in vacuo and in air. The difference, though not so striking as I 
at first expected, was perfectly distinct. 



J 



EFFECT OF HYDROGEX UPOX THE VOICE. 9 

you hear how much more loudly it rings in the open air. 
When the bell was covered the aerial vibrations were fii'st 
communicated to the heavy glass jar, and afterwards by 
the jar to the air outside ; a great diminution of intensity 
being the consequence. The action of hydrogen gas upon 
the voice is an illustration of the same kind. The voice is 
formed byurging air from the lungs through an organ 
called the larynx. In its passage it is thrown into vibra- 
tion by the vocal chords which thus generate sound. But 
when I fill my lungs with hydrogen, and endeavour to 
speak, the vocal chords impart their motion to the hydro- 
gen, which transfers it to the outer air. By this trans- 
ference from a light gas to a heavy one, the sound is 
weakened in a remarkable degree.* The consequence is 
very curious. You have already formed a notion of the 
strength and quality of my voice. I now empty my lungs 
of air, and inflate them with hydrogen from this gasholder. 
I try to speak vigorously, but my voice has lost wonder- 
fully in power, and changed wonderfully in quality. You 
hear it, hollow, harsh, and unearthly: I cannot otherwise 
describe it. 

The intensity of a sound depends on the density of the 
air in which the sound is generated, and not on that of the 
air in which it is heard.f Supposing the summit of Mont 
Blanc to be equally distant from the top of the Aiguille 
Verte and the bridge at Chamouni; and supposing two 
observers stationed, the one upon the bridge and the 
other upon the Aiguille : the sound of a cannon fired on 
Mont Blanc would reach both observers with the same in- 
tensity, though in the one case the sound would pursue its 
way through the rare air above, while in the other it would 
descend through the denser air below. Again, let a 

* It may be that the gas fails to throw the rocal chords into sufficiently 
strong vibration. The laryngoscope might decide this question, 
t Poisson Mecanique, vol. ii. p. 707. 
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straight line equal to that from the bridge of Chamouni 
to the summit of Mont Blanc, be measured along the 
earth's surface in the valley of Chamouni, and let two ob- 
servers be stationed, the one on the summit and the other 
at the end of the line ; the sound of a cannon fired on the 
bridge would reach both observers with the same intensity, 
though in the one case the sound would be propagated 
through the dense air of the valley, and in the other 
case would ascend through the rarer air of the mountain. 
Charge two cannon equally, and fire one of them at 
Chamouni, and the other at the top of Mont Blanc, the 
one fired in the heavy air below may be heard above, 
while the one fired in the light air above is unheard below ; 
because, at its origin, the sound generated in the denser 
air is louder than that generated in the rarer. 

You have, I doubt not, a clear mental picture of the 
propagation of the sound from our exploding balloon 
through the surrounding air. The wave of sound expands 
on all sides, the motion produced by the explosion being 
thus diffused over a continually augmenting mass of air. 
Itjs jgerfectly manifest that this cannot occur without an 
enfeeblement of the motion. Take the case of a shell of air 
of a certain thickness, with a radius of one foot, reckoned 
from the centre of explosion. A shell of air of the same 
thickness, but of two feet radius, will contain four times the 
quantity of matter; if its radius be three feet, it will contain 
nine times the quantity of matter ; if four feet, it will con- 
tain sixteen times the quantity of matter, and so on. Thus 
the quantity of matter set in motion augments as the square 
of the distance from the centre of explosion. The in- 
tensity or loudness of the sound diminishes in the same 
proportion. We express this law by saying that the in- 
tensity of the sound varies inversely as the square of the 
distance. 

Let us look at the matter in another light. The me- 
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chanical effect ot a ball striking a target depends on two 
things, the weight of the ball, and the velocity with which 
it moves. The effect is proportional to the weight simply ; 
but it is proportional to the square of the velocity. The 
proof of this is easy, but it belongs to ordinary mechanics 
rather than to our present subject. Now what is true of 
the cannon-ball striking a target, is also true of an air- 
particle striking the tymp an ic membrane o f the ear. Fix 
your attention upon a particle of air as the sound-wave 
passes over it ; it is urged from its position of rest towards 
a neighbour particle, first with an accelerated motion, and 
then with a retarded one. The force which first urges it, 
is opposed by the elastic force of the air, which finally stops 
the particle, and causes it to recoil. At a certain point of 

I its excursion, the velocity of the particle is a maximum. 

I The intensity of the sound is proportional to the square 
of this Tnaximum velocity. The sonorous effect is ex- 
pressed by the same law as the mechanical effect. All, in 
fact, that goes on outside of ourselves is reducible to pure 

I mechanics, and if we hear one sound louder than another, 
it is because our nerves are hit harder in the one case 
than iu the other. "^ 

^1 The distance through which the air-particl e moves to and 
fro, when the sound-wave passes it, is called the amplitude 
of the vibration. The intensity of the sound is also propor- 
tional to the square of the amplitude. 

This weakening of the sound, according to the law 
of inverse squares, would not take place if the sound- 
wave were so confined as to prevent its lateral diffusion. 
By sending it through a tube with a smooth interior 
surface we accomplish this, and the wave thus confined 
may be transmitted to great distances with very little 
diminution of intensity. Into one end of this tin tube, 
fifteen feet long, I whisper in a manner quite inaudible 
to the people nearest to me, but a listener at the other 
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end hears me distinctly. I place my watch at one end 
of the tube ; the person at the other end hears the ticks, 
though nobody else does. At the distant end of the 
tube I now place a lighted candle, c, fig. 4. When I 
clap my hands at this end, the flame instantly ducks 
down. It is not quite extinguished, but it is forcibly de- 
pressed. When I clap two books, b b', together, I blow the 
candle out.* You may here observe, in a rough way, the 
speed with which the sound-wave is propagated. The 
instant I clap, the flame is extinguished ; there is no sen- 
sible interval between the clap and the extinction of the 

Fig. 4. 



flame. I do not say that the time required by the sound 
to travel through this tube is immeasurably short, but 
simply that the interval is too short for your senses to 
appreciate it. To show you that it is a pulse and not a 
puf of air, I fill one end of the tube with the smoke of 
brown paper. On clapping the books together no trace of 
this smoke is ejected from the other end. The pulse has 
passed through both smoke and air without carrying either 
of them along with it. 

Further, I hold in my hand the open end of a gutta- 
percha tube of about an inch interior diameter. It passes 
through the floor to a room underneath this one, and 

* To converge the pulse upon the flame, the tube was caused to end in a 
cone. 
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thence through a window into the yard of the Eoyal Insti- 
tution, its end there being opened out into a funnel. I 
send an assistant down to the yard. He may shout there, 
but as long as he keeps away from the open end of this tube 
we cannot bear him. I however hear his lightest whisper 
when he speaks into the tube. I address him through the 
tube, asking him, *Are you ready?' You hear his reply. 
I desire him to pitch his voice so as to produce a continuous 
musical note, and here is the music issuing in the midst 
of us. By alternately closing and opening the tube I 
produce this babble, for the mere placing of my thumb 
against the open end of the tube cuts off the sound. 
The man now blows a horn, directing its sound into the 
tube, and here you have its notes poured forth. I now 
call on him to sing, and you hear him sing the national 
anthem, the sound of his voice appearing to come not from 
a distance, but from the throat of a little performer hidden 
immediately within this end of the tube. 

The celebrated French philosopher, Biot, observed the 
transmission of sound through the empty waterpipes of 
Paris, and found that he could hold a conversation in a 
low voice through an iron tube 3120 feet in length. The 
lowest possible whisper, indeed, could be heard at this dis- 
tance, while the firing of a pistol into one end of the tube 
quenched a lighted candle at the other. 

The action of sound thus illustrated is exactly the same 
as that of light and radiant heat. They, like sound, are 
wave motions. Like sound they diffuse themselves in 
space, diminishing in intensity according to the same law. 
Like sound also, light and radiant heat, when sent through 
a tube with a reflecting interior surface, may be conveyed 
to great distances with comparatively little loss. In fact, 
every experiment on the reflection of light, has its analogue 
in the reflection of sound. Permit me to illustrate this 
analogy by one or two additional experiments. On yonder 
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gallery you see an electric lamp, placed close to the clock 
of this lecture room. An assistant in the gallery ignites 



Fig. 6. 




the lamp, and directs its powerful beam upon a mirror, 
M, fig. 5, placed here behind the lecture table. By the 
act of reflection the diversrent beam is converted into this 



Pig. 6. 




splendid luminous cone. I mark the point of convergence; 
and the lamp being extinguished, I place my ear at that 
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point. Here every sound-wave sent forth by the clock, and 
reflected by the mirror, is gathered up, and I now hear the 
ticks as if they came, not from the clock, but from the 
mirror. I will stop the clock, and have a watch, w^ fig. 5, 
held at the place occupied a moment ago by the electric 
light. At this great distance I distinctly hear the ticking 
of the watch. My hearing is much aided by introducing 
the end / of a glass funnel into my ear, the funnel here 
acting the part of an ear-trumpet. We know, more- 
over, that in optics the positions of a body and of its image 
are reversible. I place a candle at this lower focus ; you 
see its image on the gallery above, and I have only to turn 
the mirror on its stand, to make the image' fall upon any 
one of the row of persons who occupy the front seat in the 
gallery. Eemoving the candle, and putting the watch, w^ 
fig. 6, in its place, the person on whom the image of the 
candle fell, distinctly hears the ticking. When the ear 
i« assisted by the glass funnel, the reflected ticks of the 
clock in our first experiment are so powerful as to suggest 
the idea of something pounding against the tympanum, 
while the direct ticks are scarcely, if at all, heard. 

Here, finally, are two parabolic mirrors, one of them, 
71 7i', fig. 7, placed upon the table, and the other, TrtTinf^ 
drawn up to the ceiling of this theatre ; they are five- 
and-twenty feet apart. I first place the carbon points 
of the electric light in the focus a, of the lower mirror, 
and ignite them. A fine luminous cylinder rises like a 
pillar to the upper mirror, which brings the parallel beam 
to a focus. You see at that focus a spot of sunlike 
brilliancy, due to the reflection of the light, from the 
surface of a watch, w^ there suspended. I remove the 
electric light, the watch is ticking, though in my present 
position I do not hear it. At this lower focus, a, however, 
we have the energy of every sonorous wave converged. 
Placing the ear at a, the ticking is as audible as if the 
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watch were at hand; the sound, as in the former case, 
appearing to proceed, not from the watch itself, but from 
the lower mirror.* 

Curved roofs and ceilings act as mirrors upon sound. In 
Ftp,. 7. our laboratory, for ex- 

ample, the singing of a 
kettle seems, in certain 
positions, to come, not 
from the fire on which 
it is placed, but from 
the ceiling. Incon- 
venient secrets have 
been thus revealed, an 
instance of which has 
been cited by Sir John 
Herschel.f In one of 
the cathedrals in Sicily, 
the confessional was so 
placed that the whispers 
of the penitents were 
reflected by the curved 
roof, and brought to a 
focus at a distant part 
of the edifice. The 
focus was discovered 
by accident, and for 
some time the person who discovered it took pleasure 
in hearing, and in bringing his friends to hear, utterances 
intended for the priest alone. One day, it is said, his own 
wife occupied the penitential stool, and both he and his 

* It is recorded that a bell placed on an eminence in Heligoland failed, 
on account of its distance, to bo heard in the town. A parabolic reflector 
placed behind the bell so as to reflect the sound-wares in the direction of 
the long sloping street, caused the strokes of the bell to be distinctly heard 
at all times. 

t Ency. Met. art. ' Sound.' 
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friends were thus made acquainted with secrets which 
were the reverse of amusing to one of the party. 

When a sufficient interval exists between a direct and 
a reflected sound, we hear the latter as an echo. The 
reflected sound moves with the same velocity as the direct 
sound, so that in air of the freezing temperature the echo 
of a pistol-shot from the face of a cliff 1,090 feet distant is 
heard two seconds after the explosion. 

But sound, like light, may be reflected several times in 
succession, and as the reflected light under these circum- 
stances becomes gradually feebler to the eye, so the suc- 
cessive echoes become gradually feebler to the ear. In 
mountain regions this repetition and decay of sound pro- 
duces wonderful and pleasing effects. Visitors to Killaruey 
will remember the fine echo in the Gap of Dunloe. When 
a trumpet is sounded at the proper place in the Gap, the 
sonorous waves reach the ear in succession after one, two, 
three, or more reflections from the adjacent cliffs, and thus 
die away in the sweetest cadences. Thereis a deep cut'de- 
sac, called the Ochsenthal, formed by the great cliffs of the 
Engelhorner, near Eosenlaui, in Switzerland, where the 
echoes warble in a wonderful manner. The sound of the 
Alpine horn also rebounding from the rocks of the Wetter- 
horn or the Jungfrau, is in the first instance heard roughly. 
But by successive reflections, the notes are rendered more soft 
and flute-like, the gradual diminution of intensity giving the 
impression that the source of sound is retreating further 
and further into the solitudes of ice and snow. 

In large unfurnished rooms the reflection of sound 
sometimes produces very curious effects. Standing, for 
example, in the gallery of the Bourse at Paris, you hear 
the confused vociferation of the excited multitude below. 
You see all the motions — of their lips as well as of their 
hands and arms. You know they are speaking — often in- 
deed with vehemence, but what they say you know not. 
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The voices mix with their echoes into a chaos of noise, out 
of which no intelligible utterance can emerge. The echoes 
of a room are materially damped by its furniture. The 
presence of an audience may also render intelligible speech 
possible, where, without an audience, the definition of the 
direct voice is destroyed by its echoes. On the 16th of May, 
1865, having to lecture in the Senate House of the Uni- 
versity of Cambridge, I first made some experiments as 
to the loudness of voice necessary to fill the room, and was 
dismayed to find that a friend placed at a distant part of 
the hall could not follow me because of the echoes. The 
assembled audience, however, so quenched the sonorous 
waves, that the echoes were practically absent, and my 
voice was plainly heard in all parts of the Senate 
House. 

Sounds are also reflected from the clouds. When the 
sky is clear, the report of a cannon on an open plain is 
short and sharp ; while a cloud is sufficient to produce 
an echo like the rolling of distant thunder. A feeble 
echo also occurs when sound passes from one mass of air 
to another of diflferent density. Humboldt relates that 
from a certain position on the plains of Antures, the 
sound of the great falls of the Orinoco resembles the beat- 
ing of a surf upon a rocky shore, being much louder by 
night than by day. This is not due to the greater 
stillness of the night, for the hum of insects and the roar 
of beasts rendered the night much noisier than the day. 
Humboldt thus explained the observation : — Between him 
and the falls lay a vast grassy plain, with multitudes of 
4M«:e jrocks protruding from it. When exposed to the sun, 
these rocks assmned a temperature far higher than that of 
the adjacent grass; over eaich of them therefore rose a 
column of heated air, less dense than that which surrounded 
it. Thus by day the sound had to pass through an atmo- 
sphere which frequently changed its density ; the partial 
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echoes at the limiting surfaces of rare and dense air were 
incessant, and the sound was consequently enfeebled. At 
night those differences of temperature ceased to exist, 
and the sound-waves, travelling through a homogeneous 
atmosphere, reached the ear undiminished by reflection. 
The case has its parallel in light, which is also reflected at 
the limiting surfaces of different optical media ; so that a 
mixture of diffierent media, each of itself transparent, may 
intercept light. Thus by the mixture of air and water 
foam is produced, which in moderate thicknesses is im- 
pervious to light, in consequence of repeated reflection. All 
colourless transparent subsfances, when reduced to powder, 
are white and opaque for the same reason. 

Thunder-peals are unable to penetrate the air to a 
distance commensurate with their intensity, because of the 
non-homogeneous character of the atmosphere which ac- 
companies thunder-storms. From the same cause battles 
have raged, and been lost, within a short distance of the 
reserves of the defeated army, while they were waiting for 
the sound of artillery to call them to the scene of action. 
Falling snow has been often referred to as offering a great 
hindrance to the passage of sound, but I imagine it to be 
less obstructive than is usually supposed. Sound appears 
to make its way freely between the falling flakes. On 
the 29th of December, 1859, I traced a line across the 
Mer de Glace of Chamouni, at an elevation of nearly 
seven thousand feet above the sea. The glacier there 
is half a mile wide, and during the setting out of the 
line snow fell heavily. I have never seen the atmo- 
sphere in England so thickly laden. Still I was able to 
see through the storm quite across the glacier, and also 
to make my voice heard. When close to the opposite side, 
one of the assistants chanced to impede my view. I 
called out to him to stand aside, and he did so imme- 
diately. At the end of the line the men shouted ' nous 
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aommes finisy aad I distinctly heard them through the 
half-mile of falling snow. 

Sir John Herschel, in his excellent article ^ Sound' 
in the Encyclopcedia Metropolitana, has collected with 
others the following instances of echoes: — An echo in 
Woodstock Park repeats seventeen syllables by day, and 
twenty by night; one on the banks of the Lago del 
Lupo, above the fall of Terni, repeats fifteen. The tick of 
a watch may be heard from one end of the abbey church 
of St. Albans to the other. In Gloucester Cathedral, a 
gallery of an octagonal form conveys a whisper seventy-five 
feet across the nave. In the whispering gallery of St. 
Paul's, the faintest sound is conveyed from one side to the 
other of the dome, but is not heard at any intermediate 
point. At Carisbrook Castle, in the Isle of Wight, is a well 
210 feet deep, and 12 wide. The interior is lined by 
smooth masonry ; when a pin is dropped into the well, it 
is distinctly heard to strike the water. I may add that 
shouting or coughing into this well produces a resonant 
ring of some duration,* 

I have now to point out another important analogy 
between sound and light, which has been established by M, 
Sondhauss.t I ignite our electric lamp, and place in front of 
it this fine large lens ; the lens compels the rays of light 
that fall upon it to deviate from their direct and divergent 
course, and to form this convergent cone behind it. This 
refraction of the luminous beam is a consequence of the 
retardation suffered by the light in passing through the 
glass. Sound may be similarly refracted by causing it to 
pass through a lens which retards its motion.. Such a 

* Placing himself close to the upper part of the wall of the London 
Colosseunii a circular building 130 feet in diameter, Mr. Wheatstone found 
a word pronounced to be repeated a great many times. A single exclama- 
tion appeared like a peal of laughter, while the tearing of a piece of paper 
was like the patter of hail. 

t Poggendorjps Annalen, vol. Ixxxv, p. Z7S; PhUoeoph, Mag. vol. v. p. 73. 
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lens is formed when we fill a thin balloon with some gas 
heavier than air. Here, for example, is a collodion balloon 
jty fig. 8, filled with carbonic acid gas, the envelope being 
so thin as to yield readily to the pulses which strike against 
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it, transmitting them to the gas inside.* I now hang up 
my watch, w, close to the lens, beyond which, and at a 
distance of four or five feet from the lens, I place my ear 
assisted by the glass funnel //. By moving my head 
about, I soon discover a posi- Fig. 9. 

tion in which the ticking is a h 

particularly loud. This, in fact, 

is the focus of the lens. If I ar 

move my ear from. this focus 

the intensity of the sound falls; w»^ 

if when my ear is at the focus 

the balloon be removed, the 

ticks are enfeebled; on re- \^ 

placing the balloon their force ^ * 

is restored. The lens, in fact, enables me to hear the 

ticks distinctly when they are perfectly inaudible to the 

unaided ear. 

How a sound-wave is thus converged may be compre- 
hended by reference to fig. 9. Let on n be a section of the 
sound-lens, and a 6 a portion of a sonorous wave approaching 




* Thin india-rubber balloons also form excellent sound-lenses. 
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it from a distance. The middle point, o, of the wave first 
touches the lens, and is first retarded by it. By the time 
the ends a and 6, still moving through air, reach the balloon, 
the middle point o, pursuing its way through the heavier gas 
within, will have only reached o'. The wave is therefore 
broken at o', and the direction of motion being at right 
angles to the face of the wave, the two halves will now 
encroach upon each other. The convergence of the two 
halves of the wave is augmented on quitting the lens. For 
when o' has reached o", the two ends a and h will have 
pushed forward to a greater distance, say to a' and b'. 
Soon afterwards the two halves of the wave will cross each 
other, or, in other words, come to a focus, the air at the 
focus being agitated by the sum of the motions of the 
two waves.* 

When a long sea-roller meets an isolated rock in its 

- passage, it rises against the rock, and embraces it all 
round. Facts of this nature caused Newton to reject the 
undulatory theory of light. He contended that if light 

' were a product of wave motion we could have no shadows, 
because the waves of light would propagate themselves round 
opaque bodies as a wave of water round a rock. It has 
been proved since his time that the waves of light do bend 
round opaque bodies ; but with that we have nothing 
now to do. A sound-wave certainly bends thus round 
an obstacle, though as it diffuses itself in the air at the 
back of the obstacle it is enfeebled in power, the obstacle 
thus producing a partial shadow of the sound. Anybody 
who has ever heard a railway train approach through 
cuttings and along embankments, will have noticed great 
variations in the intensity of the sound. The interpo- 
sition of a hill in the Alps suffices to diminish materially 

* Fop the sake of simplicity, I have shown the wave broken at o* and 
its two halves straight. The surface of the wave, however, is really a curve, 
with its concavity turned in the direction of its propagation. 
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the sound of a cataract ; it is able sensibly to extinguish 
the tinkle of the cow-bells. Still, as I have said, the sound- 
shadow is but partial, and the ijaarker ^.t the rifle-butts 
never fails to hear the explosion, though he is well pro- 
tected from the ball. The most striking example of this 
inflection of a sonorous wave that I have ever seen, was 
exhibited at Erith after the tremendous explosion of a 
powder magazine which occurred there in 1864. The 
village of Erith was some miles distant from the magazine, 
but in nearly all cases the windows were shattered ; and 
it was noticeable that the windows turned away from the 
origin of the explosion suffered almost as much as those 
which faced it Lead sashes were employed in Erith 
church, and these being in some degree flexible, enabled 
the windows to yield to pressure without much fracture of 
the glass. Every window in the church, front and back, 
was bent inwards. In fact, as the sound-wave reached 
the church it separated right and left, and, for a moment, 
the edifice was clasped by a girdle of intensely compressed 
air, which forced all its windows inwards. After com- 
pression, the air within the church no doubt dilated, 
and tended to restore the windows to their first condition. 
The bending in of the windows, however, produced but a 
small condensation of the whole mass of air within the 
church; the force of recoil was therefore feeble in com- 
parison with the force of impact, and insuflScient to undo 
what the latter had accomplished. 

Having thus dealt with the reflection, the refraction, and 
the inflection of sound, we must fix our attention more 
closely than we have hitherto done on the two condition* 
which determine the velocity of propagation of a sonoroua 
wave ; namely, the elasticity and the density of the medium 
through which the wave passes. The elasticity of air is: 
measured by the pressure which it sustains or can hold in 
equilibrium. At the sea-level this pressure is equal to 
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that of a stratuiix of mercury about 30 inches high. At 
the summit of Mont Blanc the barometric column is not 
much more than. half this height; and, consequently, the 
elasticity of the air upon the summit of the mountain is 
not much more than half what it is at the sea-level. 

If we could augment the elasticity of air, without at 
the same time augmenting its density, we should aug- 
ment the velocity of sound. Or, if allowing the elasticity 
to remain constant we could diminish the density, we 
should augment the velocity of sound. Now, air in a 
closed vessel, where it cannot expand, has its elasticity 
augmented by heat, while its density remains unchanged. 
Through such heated air sound travels more rapidly than 
through cold air. Again, air free to expand has its den* 
sity lessened by warming, its elasticity remaining the same, 
and through such air sound travels more rapidly than 
through cold air. This is the case with our atmosphere 
when heated by the sun. It expands and becomes lighter, 
bulk for bulk, while its pressure, or in other words its elas- 
ticity, remains the same. And now you see the reason of 
the phrase that the velocity of sound in air ^ at the freezing 
temperature^ is 1,090 feet a second. At all lower tem- 
peratures the velocity is less than this, and at all higher 
temperatures it is greater. The late M. Wertheim has 
determined the velocity of sound in air of diflFerent tem- 
peratures, and here are some of his results :— 



of air. 




Velocity of 
sound. 


0*6® centigrade 


. 1089 feet 


210 


» 


. 1091 „ 


8-6 


>» 


. 1109 „ 


120 


>» 


. 1113 „ 


26-6 


>> 


. 1140 „ 



At a temperature of half a degree above the freezing 
point of water the velocity is 1,089 feet a se*cond; at a 
temperature of 26*6 degrees, it is 1,140 feet a second, or a 
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diflference of 51 feet for 26 degrees, that is to say, an 
augmentation of velocity of about 2 feet for every single . 
degree centigrade. 

With the same elasticity the density of hydrogen gas is 
much less than that of air, and the consequence is that 
the velocity of sound in hydrogen far exceeds its velocity 
in air. The reverse holds good for heavy carbonic acid 
gas. Here, while the elasticity is only equal to that of 
air, the density is greater, and consequently the velocity 
of sound less. If density and elasticity vary in the same 
proportion, as the law of Mariotte proves them to do in air, 
when the temperature is preserved constant, they neu- 
tralise each other's effect ; hence, if the temperature were 
the same, the velocity of sound upon the summits of the 
highest Alps would be the same as at the mouth of the 
Thames. But inasmuch as the air above is colder than 
that below, the actual velocity on the summits of the moun- 
tains is less than that at the sea-level. To express this result 
in stricter language, the velocity is directly proportional to 
the square root of the elasticity of the air ; it is also 
inversely proportional to the square root of the density 
of the air. Consequently, as in air of a constant tempera- 
ture elasticity and density vary in the same proportion, 
and act oppositely, the velocity of sound is not affected 
by a change of density, if unaccompanied by a change 
of temperature. 

There is no mistake more common than to suppose the 
velocity of sound to be augmented by density. The mis- 
take has arisen from a misconception of the fact, that in 
solids and liquids the velocity is greater than in gases. 
But it is the high elasticity of those bodies, in relation to 
their density^ that causes sound to pass rapidly through 
them. Other things remaining the same, an augmentation 
of density always produces a diminution of velocity. Were 
the elasticity of water, which is measured by its compressi- 
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bility, only equal to that of air, the velocity of sound in 
water, instead of being more than quadi-uple the velocity 
in air, would be only a small fraction of that velocity. 
Both density and elasticity, then, must be always borne in 
mind ; the velocity of sound being determined by neither 
taken separately, but by the relation of the one to the 
other. The eflfect of small density and high elasticity is 
exemplified in an astonishing manner by the luminiferous 
ether, which transmits the vibrations of light — not at the 
rate of so many feet^ but at the rate of nearly two hundred 
thousand miles in a second of time. 

It is now time to say a word about the manner in which 
the velocity of sound in air has been ascertained. Those 
who are unacquainted with the details of scientific investi- 
gation have no idea of the amount of labour expended in 
the determination of those numbers on which important 
calculations or inferences depend. They have no idea of 
the patience shown by a Berzelius in determining atomic 
weights ; by a fiegnault in determining coefficients of ex- 
pansion ; or by a Joule in determining the mechanical 
equivalent of heat. There is a morality brought to bear 
upon such matters which, in point of severity, is probably 
without a parallel in any other domain of intellectual action. 
The desire for anything but the truth must be absolutely 
annihilated; and to attain perfect accuracy no labour 
must be shirked, no difficulty ignored. Thus, as regards 
the determination of the velocity of sound in air, hours 
might be filled with a simple statement of the eflforts made 
to establish it with precision. The question has occupied 
the attention of philosophers in England, France, Germany, 
Italy, and Holland. But to the French and Dutch philo- 
sophers we owe the application of the last refinements of 
experimental skill to the solution of the problem. They 
neutralised eflfectually the influence of the wind ; they took 
into account barometric pressure, temperature, and hygro- 
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metric condition. Sounds were started at the same moment 
from two distant stations, and thus caused to travel from 
station to station through the selfsame air. The distance 
between the stations was determined by exact trigonome- 
trical observations, and means were devised for measuring 
with the utmost accuracy the time required by the sound 
to pass from the one station to the other. This time, ex- 
pressed in seconds, divided into the distance expressed in 
feet, gave 1,090 feet per second as the velocity of sound 
through air at the temperature of 0° centigrade. 

The time required by light to travel over all terrestrial 
distances is practically zero ; and in the experiments just 
referred to the moment of explosion was marked by the 
flash of a gun, the time occupied by the sound in passing 
from station to station being the interval observed between 
the appearance of the flash and the arrival of the sound. 
The velocity of sound in air once established, it is plain 
that we can apply it to the determination of distances. 
By observing, for example, the interval between the ap- 
pearance of a flash of lightning and the arrival of the accom- 
panying thunder peal, we at once determine the distance 
of the place of discharge. It is only when the interval 
between the flash and peal is short that danger from light- 
ning is to be apprehended. 

I now come taone of the most delicate points in the 
whole theory of sound. The velocity through air has been 
determined by direct experiment; but knowing the elasticity 
and density of the air, it is possible without any experiment 
at all to calculate the velocity with which a sound-wave is 
transmitted through it. Sir Isaac Newton made this cal- 
culation, and found the velocity at the freezing tempera- 
ture to be 916 feet a second. This is about one-sixth 
less than actual observation had proved the velocity to be, 
and the most curious suppositions were made to account 
for the discrepancy. Newton himself threw out the 
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conjecture that it was only in passing from particle to par- 
ticle of the air that sound required time for its transmis- 
sion ; that it moved instantaneously through the particles 
themselves. He then supposed the line along which sound 
passes to be occupied by air-particles for one-sixth of its 
Fig 10 ^^^^^^> 8,nd thus he sought to make good the 
missing velocity. The very art and ingenuity of 
this assumption were sufficient to ensure its re- 
jection ; other theories were therefore advanced, 
but the great Fi'ench mathematician Laplace was 
the first to completely solve the enigma. I shall 
now endeavour to make you thoroughly acquainted 
with his solution. 

I hold in my hand a strong cylinder of glass, t tj, 
fig. 10, accurately bored, and quite smooth within. 
Into this cylinder, wliich is closed at the bottom, fits 
this air-tight piston. By pushing the piston down, 
I condense the air beneath it ; and when I do so 
heat is developed. Attaching a scrap of amadou 
to the bottom of the piston, I can ignite it by the 
heat generated by compression. Dipping a bit of 
cotton wool into bisulphide of carbon, and attach- 
ing it to the piston, when the latter is forced 
down, a flash of light, due to the ignition of the bisul- 
phide of carbon vapour, is observed within the tube. It is 
thus proved that when air is compressed, heat is-generated. 
By another experiment, I can show you that when air 
is rarefied, cold is developed. This brass box contains a 
quantity of condensed air. I open the cock, and permit 
the air to discharge itself against a suitable thermometer ; 
the sinking of the instrument declares the chilling of the air. 
All that you have heard regarding the transmission of 
a sonorous pulse through air, is, I trust, still fresh in your 
minds. As the pulse advances it squeezes the particles 
of air together, and two results follow from this com- 
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pression of the air. Firstly, its elasticity is augmented 
through the mere augmentation of its density. Secondly, 
its elasticity is augmented by the heat developed by com- 
pression. It was the change of elasticity which resulted 
from a change of density that Newton took into account, 
and he entirely overlooked the augmentation of elasti- 
city due to the second cause above mentioned. Over 
and above, then, the elasticity involved in Newton's cal- 
culation, we have an additional elasticity due to changes of 
temperature produced by the sound itself. When both 
are taken into account, the calculated and the observed 
velocity agree perfectly. 

But here, without due caution, we may fall into the 
gravest error. In fact, in dealing with nature, the mind 
must be on the alert to seize all her conditions ; other- 
wise we soon learn that our thoughts are not in accord- 
ance with her facts. Now the augmentation of velocity 
due to the changes of temperature produced by the sono- 
rous w^ave itself, is totally different from the augmentation 
which arises from the heating of the general mass of the 
air. The average temperature of the air is unchanged 
by the waves of sound. We cannot have a condensed 
pulse without having a rarefied one associated with it. 
But in the rarefaction the temperature of the air is 
as much lowered as it is raised in the condensation. 
Supposing then the atmosphere parcelled out into such 
condensations and rarefactions, with their respective tem- 
peratures, an extraneous sound passing through such an 
atmosphere would be as much retarded in the latter 
as accelerated in the former, and no variation of the 
average velocity could arise from such a distribution of 
temperature. 

Whence then does the augmentation pointed out by 
Laplace arise ? I would ask your best attention while 
I endeavour to make this knotty point clear to you. If 
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air be compressed it becomes smaller in volume ; if the 
pressure be diminished the volume expands. The force 
. which resists compression, and which produces expansion, 
is the elastic force of the air. Thus an external pressure 
squeezes the air-particles together; their own elastic force 
holds them asunder, and the particles are in equilibrium 
when these two forces are in equilibrium. Hence it is 
that the external pressure is a measure of the elastic force. 
Let the middle row of dots, fig. 11, represent a series of 
air-particles in a state of quiescence between the points a 
and X. Then, because of the elastic force exerted between 
the particles, if any one of them be moved from its posi- 
tion of rest, the motion will be transmitted through the 

Fig. 11. 




entire series. Supposing, then, the particle a to be driven 
by the prong of a tuning-fork, or some other vibrating 
body, towards a;, so as to be caused finally to occupy the 
position a' in the lowest row of particles. At the instant 
the excursion of a commences, its motion begins to be 
transmitted to 6. In the next following moments h 
transmits the motion to c ; c to d ; d to e, and so on. So 
that by the time a has reached a\ the motion will have 
been propagated to some point o' of the line of particles 
more or less distant from a\ The entire series of particles 
between a^ and o' is then in a state of condensation. The 
distance a' a', over which the motion has travelled during 
the excursion of a to a\ will depend upon the elastic 
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force exerted between the particles. Fix your attention on 
any two of the particles, say a and 6. The elastic force 
between them may be figured as a spiral spring, and it is 
plain that the more flaccid this spring the more sluggish 
in ould be the communication of motion from a to 6 ; while 
the stiffer the spring the more prompt would be the com- 
munication of motion. What is true of a and h is true 
for every other pair of particles between a and o. Now 
the spring between every pair of these particles is stiff- 
ened by the heat developed along the line of condensation, 
and hence the velocity of propagation is augmented by 
this heat. Eeverting to our old experiment with the row 
of boys, it is as if, by the very act of pushing his neighbour, 
the muscular rigidity of each boy's arm was increased, thus 
enabling him to deliver his push more promptly than he 
would have done without this increase of rigidity. The 
condensed portion of a sonorous wave is propagated in the 
manner here described, and it is plain that the velocity of 
propagation is augmented by the heat developed in the 
condensation. 

Let us now turn our thoughts for a moment to the pro- 
pagationof the rarefaction. Supposing,as before, themiddle 
row a a; to represent the particles of air in equilibrium under 
the pressure of the atmosphere ; and suppose the particle 
a to be suddenly drawn to the right, so as to occupy the 
position a'' in the highest line of dots : a'' is immediately 
followed by fc'^ b'' by c'', </' by d'', d" by e*'\ and thus the 
rarefaction is propagated backward towards a?", reaching a 
point o" in the line of particles by the time a has completed 
its jnjotion to tfwsii g hL Now, why does 6^ follow a'\ when 
a" is drawn away from it ? Manifestly because the elastic 
force exerted between 6" and a^' is less than that between 6" 
and c". In fact, h" will be driven after a'' by a force equal 
to the diflFerence of the two elasticities between o!' and 6" 
and between V' and c'\ The same remark applies to the 
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motion of c" after V\ to that of d" after c", in fact, to the 
motion of each succeeding particle when it follows its pre- 
decessor. The greater the difference of elasticity on the 
two sides of any particle the more prpmptly will it follow 
its predecessor. And here see what the cold of rarefaction 
accomplishes. In addition to the diminution of the elastic 
force between a" and f by the withdrawal of a" to a greater 
distance, there is also a further diminution due to the 
lowering of the temperature. The cold developed aug.- 
ments the diflference of elastic force on which the propaga- 
tion of the rarefaction depends. Thus we see, that because 
the heat developed in the condensation augments the ra- 
pidity of the condensation, and because the cold developed 
in the rarefaction augments the rapidity of the rarefaction, 
the sonorous wave, which consists of a condensation and a 
rarefaction, must have its velocity augmented by the heat 
and the cold which it develops during its own progress. 

It is worth while fixing your attention here upon the 
fact that the distance- a' cf to which the motion has been 
propagated while a is moving to a' may be vastly greater 
than that passed over in the same time by the particle it- 
self. The excursion of o! may not be more than a small 
fraction of an inch, while the distance to which the motion 
is transferred during the time required by a' to perform this 
small excursion may be many feet, or even many yards. 
If this point should not appear altogether plain to you now, 
it will appear so by-and-by. 

Having grasped this, even partially, I will ask you to 
accompany me to a remote corner of the domain of natural 
philosophy, with the view, however, of showing that remote- 
ness does not imply discontinuity. Let a certain quantity 
of air at a temperature of 0"*, contained in a perfectly inex- 
pansible vessel, have its temperature raised 1°. Let the 
same quantity of air, placed in a vessel which permits the air 
to expand when it is heated, — the pressure on the air being 



MECHANICAL EQUIVALENT OF HEAT. 33 

kept constant during its expansion, — also have its tempera- 
ture raised 1°. The quantities of heat employed in the two 
cases are different. The one quantity expresses what is 
called the specific heat of air at constant volume, the other 
the specific heat of air at constant pressure.* It is an 
instance of the manner in which apparently unrelated 
natural phenomena are bound together, that from the 
calculated and observed velocities of sound in air, we can 
deduce the ratio of these two specific heats. In fact, if 
the calculated and observed velocities be both squared, 
then dividing the greater square by the less we obtain the 
ratio referred to. Calling the specific heat at constant 
volume C% and that at constant pressure C^; calling, 
moreover, Newton's calculated velocity V, and the observed 
velocity V, Laplace proved that 
CP ^ Y^ 

Qr - Y2 

Inserting the values of V and V in this equation, and 
making the calculation, we find 

CP 

g, = 1-42. 

Thus, without knowing either the specific heat at con- 
stant volume or at constant pressure, Laplace found the 
ratio of the greater of them to the less to be 1*42. It 
is evident from the foregoing formula that the calculated 
velocity of sound, multiplied by the square root of this 
ratio, gives the observed velocity. 

But there is one assumption connected with the determi- 
nation of this ratio, which must be here brought clearly 
forth. It is assumed that the heat developed by compres- 
sion remains in the condensed portion of the wave, and 
applies itself there to augment the elasticity; that no 
portion of the heat is lost by radiation. If air were 
* See Heat as a Mode of Motion, 2nd edition, pp. 69 to 72. 
D 
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a powerful radiator, this assumption could not stand. The 
heat developed in the condensation could not, then, remain 
in the condensation. It would radiate all round, lodging 
itself for the most part in the chilled and rarefied portion 
of the wave, which would be gifted with a proportionate 
power of absorption. Hence the direct tendency of radia- 
tion would be to equalise the temperatures of the different 
part« of the wave, and thus to abolish the augmentation 
of velocity which called forth Laplace's correction.* 

The question, then, of the correctness of this ratio in- 
volves the other, and apparently incongruous question, 
whether atmospheric air possesses any sensible radiative 
power. If the ratio be correct, the practical absence of 
radiative power on the part of air is demonstrated. How 
then are we to ascertain whether the ratio is correct or 
not? By a process of reasoning which illustrates still 
further how natural agencies are intertwined. It was this 
ratio, looked at by a man of genius, and I may add a man 
of suffering, named Mayer, which helped him to a clearer 
and a grander conception of the relation and interaction 
of the forces of inorganic and organic nature, than any 
philosopher up to his time had attained. Mayer was the 
first to see in this ratio an illustration of the destruction 
of heat. He was the first to see that the excess 0*42 of 
. the specific heat at constant pressure over that at constant 
volume was the quantity of heat consumed in the work per- 
formed by the expanding gas. And, supposing the air to 
be confined laterally and permitted to expand in a vertical 
direction, in which direction it would simply have to lift the 
weight of the atmosphere, Mayer attempted to calculate 
the precise amount of heat consumed in the raising of 

* In fact, the prompt abstraction of the motion of heat from the conden- 
sation, and its prompt communication to the rarefaction by the contiguous 
luminiferous ether, would prevent the former from ever rising so high, or 
the latter from ever falling so low, in temperature as it would do if the 
power of radiation and absorption was absent. 
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this or any other weight. He thus sought to determine 
the ^ mechanical equivalent ' of heat In the combination 
of his data his mind was as clear as the day, but for the 
numerical correctness of these data he was obliged to 
rely upon the experimenters of his age. Their results, 
though approximately correct, were not so correct as 
the transcendent experimental ability of Eegnault, aided 
by the last refinements of constructive skill, afterwards 
made them. Without changing in the slightest degree 
the method of his thought, or the structure of his calcula- 
tion, the simple introduction of the exact numerical data 
into the formula of Mayer brings out the true mechanical 
equivalent of heat. 

But how are we able to speak thus confidently of the 
accuracy of this equivalent ? We are enabled to do so by 
the labours of an Englishman, who worked at this subject 
contemporaneously with Mayer ; and who, while animated 
by the creative genius of his celebrated German brother, 
enjoyed also the opportunity of bringing the inspirations 
of that genius to the test of experiment. By the im- 
mortal experiments of Mr, Joule, the mutual converti- 
bility of mechanical work and heat was first conclusively 
established. And * Joule's equivalent,' as it is rightly 
called, considering the amount of labour and skill ex- 
pended in its determination, is almost identical with that 
derived from the formula of Mayer. 

Consider now the ground over which we have trodden, 
the curious labyrinth of reasoning and experiment through 
which we have passed. We started with the observed 
and calculated velocities of sound in atmospheric air. We 
found Laplace, by a special assumption, deducing from 
these velocities the ratio of the specific heat of air at 
constant pressure, to its specific heat at constant volume. 
We found Mayer calculating from this ratio the mechanical 
equivalent of heat ; finally, we found Mr, Joule deter- 

d2 
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mining the same equivalent by direct experiments on the 
friction of solifls and liquids. And what is the result ? 
Mr. Joule's experiments prove the result of Mayer to be 
the true one ; they therefore prove the ratio determined 
by Laplace to be the true ratio ; and, because they do this, 
they prove at the same time the practical absence of 
radiative power in atmospheric air. It seems a long step 
from the stirring of water, or the rubbing together of iron 
plates, to the radiation of the atoms of our atmosphere ; 
both questions are, however, connected by the line of 
reasoning here followed out. 

But the true physical philosopher never rests content 
with an inference when an experiment to verify or con- 
travene it is possible. The foregoing argument is clenched 
by bringing the radiative power of atmospheric air to an 
experimental test. When this is done, experiment and 
reasoning are found to agree; air being proved to be a 
body sensibly devoid of radiative and absorptive power. 

But here I think the experimenter on the transmission 
of sound through gases needs a word of warning. In 
Laplace's day, and long subsequently, it was thought that 
gases of all kinds possessed only an infinitesimal power of 
radiation ; but that this is not the case is now well esta- 
blished. It would, I think, be rash to assume that, in the case 
of such bodies as ammonia, aqueous vapour, sulphurous 
acid, and defiant gas, their enormous radiative powers do not 
interfere with the application of the formula of Laplace. 
It behoves us to enquire whether the ratio of the two 
specific heats deduced from the velocity of sound in these 
bodies is the true ratio ; and whether, if the true ratio could 
be found by other methods, its square root, multiplied into 
the calculated velocity, would give the observed velocity. 
From the moment heat first appears in the condensation 
and cold in the rarefaction of a sonorous wave in any of 
those gases, the radiative power comes into play to abolish 
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the difference of temperature. The condensed part of the 
wave is on this account rendered more flaccid, and the 
rarefied part less flaccid than it would otherwise be, and 
with a sufficiently high radiative power the velocity of 
sound, instead of coinciding with that derived from the 
formula of Laplace, must approximate to that derived from 
the more simple formula of Newton. 



To complete our knowledge of the transmission of sound 
through gases, I add a table from the excellent researches 
of Dulong, who employed in his experiments a method 
which shall be subsequently explained. 

Velocity of Sound in Gases at the Tehfebattjbb op 0® C. 



Air ... . 


V eiociTiy. 

1,092 feet. 


Oxygen 


. . 1,040 „ 


Hydrogen . . « 


. . 4,164 „ 


Carbonic acid . 


. . 868 „ 


Carbonic oxide . 


. . 1,107 „ 


Protoxide of nitrogen . 


. . 869 „ 


defiant gas . 


1,030 „ 



According to theory, the velocities of sound in oxygen 
and hydrogen are inversely proportional to the square 
roots of the densities of the two gases. We here find 
this theoretic deduction verified by experiment. Oxygen 
being sixteen times heavier than hydrogen, the velocity 
of sound in the latter gas ought, according to the above 
law, to be four times its velocity in the former ; hence the 
velocity in oxygen being 1,040, in hydrogen calculation 
would make it 4,160. Experiment, we see, makes it 4,164. 

The velocity of sound in liquids may be determined 
theoretically, as Newton determined its velocity in air; 
for the density of a liquid is easily determined, and its 
elasticity can be measured by subjecting it to compression. 
In the case of water the calculated and the observed 
velocities agree so closely as to prove that the changes of 



38 



LECTURE I. 



temperature produced by a sound-wave in water, have no 
sensible influence upon the velocity. In a series of 
memorable experiments in the lake of Geneva, MM. 
Colladon and Sturm determined the velocity of sound 
through water, and made it 4,708 feet a second. By a 
mode of experiment which you will subsequently be able 
to comprehend, the late M. Wertheim determined the 
velocity through various liquids, and in the following table 
I have collected his results : — 



Transmission op 


Sound thbough Liquids 




Name of Liquid 


Temperature 


Velocity 






feet 


River water (Seine) 


150 c. 


4,714 


»> >» • • 






30 


6,013 


II If • • 






60 


6,657 


Sea water (artificial) . 






20 


4,768 


Solution of common salt 






18 


6,132 


Solution of sulphate of soda 






20 


6,194 


Solution of carbonate of soda 






22 


6,230 


Solution of nitrate of soda . 






21 


6,477 


Solution of chloride of calcium 






23 


6,493 


Common alcohol 






20 


4,218 


Absolute alcohol 






23 


3,804 


Spirits of turpentine . 






24 


3,976 


Sulphuric ether .... 







3,801 



We learn from this table that sound travels with different 
velocities through different liquids ; that a salt dissolved 
in water augments the velocity, and that the salt which 
produces the greatest augmentation is chloride of calcium. 
The experiments also teach us that in water, as in air, the 
velocity augments with the temperature. At a tempera- 
ture of 15° C, for example, the velocity in Seine water is 
4,714 feet, at 30*' it is 5,013 feet, and at 60° 5,657 feet a 
second. 

I have said that from the compressibility of a liquid, 
determined by proper measurements, the velocity of sound 
through the liquid may be deduced. Conversely from the 
velocity of sound in a liquid, the compressibility of the 
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liquid may be deduced. Wertheim compared a series 
of compressibilities deduced from his experiments on 
sound, with a similar series obtained directly by M. Grassi. 
The agreement of both, exhibited in the following table, 
is a strong confirmation of the accuracy of the method 
pursued by Wertheim : — 





Cnbic oompreasibllity 




from Wertheim'8 
velocity of sound. 


from the direct 

experiments of 

M.Grassi. 


Sea water . . . . 


00000467 


0-0000436 


Solution of common salt 


00000349 


0-0000321 


„ carbonate of soda 


00000337 


0-0000297 


„ nitrate of soda . 


00000301 


0-0000296 


Absolute alcohol . 


0-0000947 


0-0000991 


Sulphuric ether . 


0-0001002 


0-0001110 



The greater the resistance which a liquid offers to com- 
pression, the more promptly and forcibly will it return, 
after it has been compressed, to its original volume. The 
less the compressibility, therefore, the greater is the elas- 
ticity, and consequently, other things being equal, the 
greater the velocity of sound through the liquid. 

We have now to examine the transmission of sound 
through solids. Here, as a general rule, the elasticity, as 
compared with the density, is greater than in. liquids, and 
consequently the propagation of sound is more rapid. In 
the following table the velocity of sound through various 
metals, as determined by Wertheim, is recorded : — 
Vklocitt of Sound through Metals. 



Name of Metal 


at 20» 0. 


at 100° 0. 


at 200° C. 


Lead ...... 

Gold ...... 

Silver 

Copper 

Platinum 

Iron 

Iron wire (ordinary) 

Cast steel 

Steel wire (English) 

Steel wire 


4,030 

6,717 

8,563 

11,666 

8,816 

16,822 

16,130 

16,367 

15,470 

16,023 


3,951 

5,640 

8,658 

10,802 

8,437 

17,386 

16,728 

16,163 

17,201 

16,443 


5,691 
8,127 
9,690 
8,079 
15,483 

15,709 
16,394 
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The foregoing table illustrates the influence of tempe- 
rature on the velocity of sound through metals. As a 
general rule, the velocity is diminished by augmented 
temperature; iron is, however, a striking exception to this 
rule, but it is only within certain limits an exception. 
While, for example, a rise of tempexature from 20° to 
100° C. in the case of copper causes the velocity to fall from 
11,666 to 10,802, the same rise produces in the case of iron 
an increase of velocity from 16,882 to 17,386. Between 
100° and 200°, however, we see that iron falls from the last 
figure to 15,483. In iron, therefore, up to a certain point, 
the elasticity is augmented by heat ; beyond that point it is 
lowered. Silver is also an example of the same kind. 

The difference of velocity in iron and in air may be illus- 
trated by the following instructive experiment. Choose 
one of the longest horizontal bars employed for fencing in 
Hyde Park ; and let an assistant strike the bar at one end 
while the ear of the observer is held close to the bar at a 
considerable distance. Two sounds will reach the ear in 
succession; the first being transmitted through the iron 
and the second through the air. This effect was ob* 
tained by M. Biot, in his experiments on the iron water- 
pipes of Paris. 

The transmission of sound through any body depends 
in some degree on the manner in which the molecules of 
the body are arranged. If the body be homogeneous and 
without structure, sound is transmitted through it equally 
well in all directions. But this is not the case when the 
body, whether unorganised lifee a crystal, or organised like 
a tree, possesses a definite structure. This is also true of 
other things than sound. Subjecting, for example, a sphere 
of wood to magnetic force, it is not equally affected in all 
directions. It is repelled by the pole of a magnet, but it 
is most strongly repelled when the force acts along the 
fibre. Heat also is conducted with different facilities in 
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different directions through wood. It is most freely con- 
ducted along the fibre ; but across the fibre the power of 
wood to conduct heat is not the same in all directions. It 
passes more freely across the ligneous layers than along 
them. Wood, therefore, possesses three unequal axes of 
calorific conduction. These coincide with the axes of elas- 
ticity discovered by Savart. MM. Wertheim and Chevandier 
have determined the velocity of sound along these three 
axes and obtained the following results : — 
Velocity of Sound in Wood. 



Name of Wood 



Acacia . 
Fir 

Beech . 
Oak . 
Pine . 
Elm . 
Syc€unore 
Ash . 
Alder . 
Aspen . 
Maple . 
Poplar . 



Along Fibre 



15,467 
16,218 
10,965 
12,622 
10,900 
13,616 
14,639 
16,314 
15,306 
16,677 
13,472 
14,060 



Across Rings Along Bings 



4,840 
4,382 
6,028 
5,036 
1,611 
4,665 
4,916 
4,667 
4,491 
6,297 
5,047 
4,600 



4,436 
2,672 
4,643 
4,229 
2,605 
3,324 
3,728 
4,142 
3,423 
2,987 
3,401 
3,444 



Fig. 12. 



Thus, separating a cube from the bark-wood of a good- 
sized tree, where the rings for a short distance may be 
regarded as straight; if A r, fig. 
12, be the section of the tree, 
then the velocity of the sound 
in direction m n^ through 
such a cube, is greater than in 
the direction a h. 

The foregoing table strik- 
ingly illustrates the influence 
of molecular structure. The 
great majority of crystals show 
diflFereuces of the same kind. 
Such bodies, for the most part, 
have their molecules arranged in different degrees of proxi- 
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mity in different directions, and where this occurs there 
are sure to be differences in the transmission and mani- 
festation of heat, light, electricity, magnetism, and sound. 

I will conclude this lecture on the transmission of sound 
through gases, liquids, and solids, by a quaint and beauti- 
ful extract from the writings of that admirable thinker. 
Dr. Eobert Hooke ; and I do so the more willingly, 
because I fear his contiguity to Newton- has too much 
dimmed the name and fame of this extraordinary man. 
It will be noticed that the philosophy of the stethoscope 
is enunciated in the following passage, and I am hardly 
acquainted with another which illustrates so well that ac- 
tion of the scientific imagination which, in all great inves- 
tigatoris, is the precursor and associate of experiment. 

* There may also be a possibility,' writes Hooke, ' of 
discovering the internal motions and actions of bodies by 
the sound they make. WTio knows but that, as in a watch, 
we may hear the beating of the balance, and the running 
of the wheels, and the striking of the hammers, and the 
grating of the teeth, and multitudes of other noises ; who 
knows, I say, but that it may be possible to discover the 
motions of the internal parts of bodies, whether animal, 
vegetable, or mineral, by the sound they make, that one 
may discover the works performed in the several oflSces and 
shops of a man's body, and thereby discover what instru- 
ment or engine is out of order, what works are going on at 
several times, and lie still at others, and the like ; that 
in plants and vegetables one might discover by the noise 
the pumps for raising the juice, the valves for stopping it, 
and the rushing of it out of one passage into another, and 
the like ? I could proceed further, but methinks I can 
hardly forbear to blush, when I consider how the most part 
of men will look upon this ; but, yet again, I have this en- 
couragement, not to think all these things utterly impos- 
sible, though never so much derided by the generalit of 
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men, and never so seemingly mad, foolish, and phantastici 
that, as the thinking them impossible cannot much im- 
prove my knowledge, so the believing them possible may 
perhaps be an occasion of taking notice of such things as 
another would pass "by without regard as useless. And 
somewhat more of encouragement I have also from expe- 
rience, that I have been able to hear very plainly the beat- 
ing of a man's heart, and 'tis common to hear the motion 
of wind to and fro in the guts, and other small vessels ; the 
stopping of the limgs is easily discovered by the wheesing, 
the stopping of the head by the humming and whistling 
noises, the slipping to and fro of the joints, in many cases, 
by crackling, and the like, as to the working or motion of 
the parts one amongst another ; methinks I could receive 
encouragement from hearing the hissing noise made by a 
corrosive menstruum in its operation, the noise of fire in 
dissolving, of water in boy ling, of the parts of a bell after 
that its motion is grown quite invisible as to the eye, for to 
me these motions and the other seem only to differ secun- 
dum magis minus, and so to their becoming sensible 
they require either that their motions be increased, or 
that the organ be made more nice and powerful to sen- 
sate and distinguish them,' 
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SUMMARY OF LECTURE I. 

The sound of an explosion is propagated as a wave or 
pulse through the air. 

This wave impinging upon the tympanic membrane 
causes it to shiver, its tremors are transmitted to the 
auditory nerve, and along the auditory nerve to the brain, 
where it announces itself as sound. 

A. sonorous wave consists of two parts, in one of which 
the air is condensed, and in the other rarefied. 

The motion of the sonorous wave must not be con- 
founded with the motion of the particles which at any 
moment form the wave. During the passage of the wave 
every particle concerned in its transmission makes only a 
small excursion to and fro. 

The length of this excursion is called the amplitude of 
the vibration. 

Sound cannot pass through a vacuum. 

Sound is in all respects reflected like light ; it is also 
refracted like light ; and it may, like light, be condensed 
by suitable lenses. 

Sound is also inflected, the sonorous wave bending 
round obstacles; such obstacles, however, in part shade 
off" the sound. 

Echoes are produced by the reflected waves of sound. 

In regard to sound and the medium through which 
it passes, four distinct things are to be borne in mind : — 
intensity, velocity, elasticity, and density. 

The intensity is proportional to the square of the am- 
plitude as above defined. 
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It is also proportional to the square of the maximum 
velocity of the vibrating air-particles. 

When sound issues from a small body in free air, the 
intensity diminishes as the square of the distance from the 
body increases. 

If the wave of sound be confined in a tube with a 
smooth interior surface, it may be conveyed to great 
distances without sensible loss of intensity. 

The velocity of sound in air depends on the elasticity 
of the air in relation to its density. The greater the 
elasticity the swifter is the propagation ; the greater the 
density the slower is the propagation. 

The velocity is directly proportional to the square root 
of the elasticity ; it is inversely proportional to the square 
root of the density. 

Hence, if elasticity and density vary in the same pro- 
portion, the one will neutralise the other as regards the 
velocity of sound. 

That they do vary in the same proportion is proved by 
the law of Mariotte ; hence, the velocity of sound in air 
is independent of the density of the air. 

But that this law shall hold good, it is necessary that 
the dense air and the rare air should have the same 
temperature. 

The intensity of a sound depends upon the density of 
the air in which it is generated, but not on that of the air 
in which it* is heard. 

The velocity of sound in air of the temperature 0° C. is 
1,090 feet a second; it augments about 2 feet for every 
degree centigrade added to its temperature. 

Hence, given the velocity of sound in air, the tempera- 
ture of the air may be readily calculated. 

The distance of a fired cannon or of a discharge of light- 
ning may be determined by observing the interval which 
elapses between the flash and the sound. 
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From the foregoing, it is easy to see that if a row of 
soldiers form a circle, and discharge their pieces all at the 
same time, the sound will be heard as a single discharge 
by a person occupying the centre of the circle. 

But if the men form a straight row, and if the observer 
stand at one end of the row, the simultaneous discharge 
of the men's pieces will be prolonged to a kind of roar. 

A discharge of lightning along a lengthy cloud may in 
this way produce the prolonged roll of thunder. The roll 
of thunder, however, must in part at least be due to echoes 
from the clouds. 

The pupil will find no diflSculty in referring many com- 
mon occurrences to the fact that sound requires a sensible 
time to pass through any considerable length of air. For 
example, the fall of the axe of a distant woodcutter is not 
simultaneous with the sound of the stroke. A company of 
soldiers marching to music along a road cannot mai'ch in 
time, for the notes dp not reach those in front and those 
behind simultaneously. 

In the condensed portion of a sonorous wave the air is 
above, in the rarefied portion of the wave it is below, its 
average temperature. 

This change of temperature, produced by the passage of 
the sound-wave itself, virtually augments the elasticity of 
the air, and makes the velocity of sound about ^th greater 
than it would be if there were no change of temperature. 

The velocity found by Newton, who did not take this 
change of temperature into account, was 916 feet a second. 

Laplace proved that by multiplying Newton's velocity 
by the square root of the ratio of the specific heat of air at 
constant pressure, to its specific heat at constant volume, 
the actual or observed velocity is obtained. , 

Conversely, from . a comparison of the calculated and 
observed velocities, the ratio of the two specific heats may 
be inferred. 
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The mechanical equivalent of heat may be deduced 
from this ratio ; it is found to be the same as that esta- 
blished by direct experiment. 

This coincidence leads to the conclusion that atmo- 
spheric air is devoid of any sensible power to radiate heat. 
Direct experiments on the radiative power of air establish 
the same result. 

The velocity of sound in water is more than four times 
its velocity in air. 

The velocity of sound in iron is seventeen times its 
velocity in air. 

The velocity of sound along the fibre of pine-wood is 
ten times its velocity in air. 

The cause of this great superiority is that the elasticities 
of the liquid, the metal, and the wood, as compared with 
their respective densities, are vastly greater than the elas- 
ticity of air in relation to its density. 

The velocity of sound is dependent to some extent 
upon molecular structure. In wood, for example, it is 
conveyed with different degrees of rapidity in different 
directions. 
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LECTUEE n. 

PHYSICAL DISTINCTION BET-WEKN NOISE AND MUSIC — A MUSICAL TONE PHO- 
DOCED BY PERIODIC, NOISE PBODUCED BY UNPERIODIC, IMPULSES — ^PBO- 
DUCTION OF MUSICAL SOUNDS BY TAPS — PRODUCTION OP MUSICAL SOUNDS 
BY PUFFS — ^DEFINITION OF PITCH IN MUSIC — ^VIBRATIONS OF A TUNING- 
FORK; THEIR GRAPHIC REPRESENTATION ON SMOKED GLASS OPTICAL 

EXPRESSION OF THE VIBRATIONS OF A TUNING-FORK — DESCRIPTION OF 
THE SYREN — LIMITS OP THE EAR; HIGHEST AND DEEPEST TONES — 
RAPIDITY OF "VIBRATION DETERMINED BY THE SYREN — DETERMINATION OF 
THE LENGTHS OF SONOROUS -WAVES — WAVE-LENGTHS OF THE HUMAN 
VOICE IN MAN AND WOMAN — TRANSMISSION OF MUSICAL SOUNDS THROUGH 
LIQUIDS AND SOLIDS. 

IN our last lecture we considered the propagation of a 
single sonorous wave through air, the origin of the 
wave being the explosion of a small balloon filled with a 
mixture of oxygen and hydrogen. A sound of momen- 
tary duration was thus generated. We have to-day to 
consider continuous soimds, and to make ourselves in 
the first place acquainted with the physical distinction 
between noise and music. As far as sensation goes, every 
body knows the difference between these two things. But 
we have now to enquire into the causes of sensation, and 
to make ourselves acquainted with that condition of the 
external air which in one case resolves itself into music 
and in another into noise. 

We have already learned that what is loudness in our 
sensations is outside of us nothing more than width of 
swing, or amplitude, of the vibrating air-particles. Every 
other real sonorous impression of which we are conscious. 
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has its correlative without, as a mere form or state of the 
atmosphere. Could we, for example, see the air through 
which the sound of an agreeable voice is passing, we might 
see stamped upon that air the conditions of motion on 
which the sweetness of the voice depends. In ordinary 
conversation, also, the physical precedes and arouses the 
psychological ; the spoken language, which is to give us 
pleasure or pain, which is to rouse us to anger or soothe 
us to peace, existing for a time, between us and the speaker, 
as a purely mechanical condition of the intervening air. 

If I shake this tool-box, with its nails, bradawls, chisels, 
and files, you hear what we should call noise. If I draw 
a violin bow across this tuning-fork, you hear what we 
should call music. The noise aflfects us as an irregular 
succession of shocks. We are conscious while listening 
to it of a jolting and jarring of the auditory nerve, 
while the musical sound flows smoothly and without as- 
perity or irregularity. How is this smoothness secured ? 
By rendeAng the impulses received by the tympanic 
Tnembrane perfectly periodic. A periodic motion is one 
that repeats itself. The motion of a common pendulum, 
for example, is periodic, and as it swings through the air 
it produces waves or pulses which follow each other with 
perfect regularity. Such waves, however, are far too 
sluggish to excite the auditory nerve. To produce a 
musical tone we must have a body which vibrates with 
the unerring regularity of the pendulum, but which can 
impart much sharper iand quicker shocks to the air. 

Imagine the first of a series of pulses which follow 
each other at regular intervals, impinging upon the tym- 
panic membrane. It is shaken by the shock; and a body 
once shaken cannot come instantaneously to rest. The 
human ear, indeed, is so constructed that the sonorous 
motion vanishes with extreme rapidity, but its disappearance 
is not instantaneous ; and if the motion imparted to the 

£ 
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auditory nerve by each individual pulse of our series 
continue until the arrival of its successor, the sound will 
not cease at all. The effect of every shock will be renewed 
before it vanishes, and the recurrent impulses will link 
themselves together to a continuous musical sound. The 
pulses on the contrary which produ'ce noise are of irregular 
strength and recurrence. They dash confusedly into the 
ear, and reproduce their own unpleasant confusion in our 
sensations. Music resembles poetry of smooth and perfect 
rhythm, noise resembles harsh and rumbling prose. But 
as the words of the prose might, by proper arrangement, 
be reduced to poetry, so also by rendering its elements 
periodic the uproar of the streets might be converted into 
the music of the orchestra. The action of noise upon the 
ear has been well compared to that of a flickering light 
upon the eye, both being painful through the s^idden and 
abrupt changes which they impose upon their respective 
nerves. 

The only condition necessary to the production of a mu- 
sical sound is that the pulses should succeed each other in 
the same interval of time. No matter what its origin may 
be, if this condition be fulfilled the sound becomes musi- 
cal. If a watch, for example, could be caused to tick with 
sufficient rapidity — say one hundred times a second — the 
ticks would lose their individuality and blend to a musical 
tone. And if the strokes of a pigeon's wings could be accom- 
plished at the same rate, the progress of the bird through 
the air would be accompanied by music. In the humming 
bird the necessary rapidity is attained ; and when we pass on 
from birds to insects, where the vibrations are more rapid, 
we have a musical note as the ordinary accompaniment of 
the insects' flight."^ The puffs of a locomotive at starting 
follow each other slowly at first, but they soon increase so 

* According to Burmeister, through the injection and ejection of air into 
And from the cavity of the chest. 
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rapidly as to be almost incapable of being counted. If 
this increase could continue until the puffs numbered 50 
or 60 a second, the approach of the engine would be 
heralded by an organ peal of tremendous power. 

Galileo produced a musical sound by passing a knife 
over the edge of a piastre. The minute serration of the 
coin indicated the periodic character of the motion, which 
consisted of a succession of taps quick enough to pro- 
duce sonorous continuity. Every schoolboy knows how 
to produce a note with his slate pencil. Holding the 
pencil vertically and somewhat loosely between the fingers, 
on moving it over the slate a succession of taps is heard. 
By pressure these taps can be caused to succeed each 
other so quickly as to produce a continuous sound. I will 
not call it musical, because this term is usually associated 
with pleasure, and the sound of the pencil is not pleasant. 
But it is not pleasant because it is not pure. It consists, 
in fact, of an assemblage of notes with plenty of discord 
among them. 

The production of a musical sound by taps is usually 
effected by causing the teeth of a rotating wheel to strike 
in quick succession against a card. This was first illus- 
trated by the celebrated Bobert Hooke, to whom I have 
already referred,* and nearer our own day by the eminent 
French experimenter Savart. We will confine oui*selves to 

* On July 27, 1681, * Mr. Hooke showed an experiment of making musical 
and other sounds by the help of teeth of brass wheels ; which teeth were 
made of equal bigness for musical sounds, but of unequal for vocal sounds/ 
Birch's History of the Royal Society^ p. 96, published in 1767. 

The following extract is from the Life of Hooke, which precedes his 
Posthumotcs Works, published in 1706, by Eichard Waller, Sec. E. S. : — * In 
July the same year he (Dr. Hooke) showed a iray of making musical and 
other sounds by the striking of the teeth of several brass wheels, proportion- 
ally cut as to their numbers, and turned very fast round, in which it was 
observable that the equal or proportional stroaks of the teeth, that-is, 2 to'l, 
4 to 3, &c., made the musical notes, but* the unequal stroaks of the teeth 
more answered the sound of the voice in speaking.* 

e2 
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Fig. 13. 



homelier modes of illustration. I have here a gyroscope, 
an instrument consisting mainly of a heavy brass ring c?, 
fig. 13, loading the circumference of a disc, through which, 
and at right angles to its surface, passes a steel axis, deli- 
cately supported at its two ends. By coiling a string round 
the axis, and drawing it vigorously out, the ring is caused 
to spin rapidly ; and along with it rotates a small toothed 
wheel w. I touch this wheel with the edge of a card c, 

and a musical sound of exceed- 
ing shrillness is the result. I 
place my thumb for a mo- 
ment against the ring ; the ra- 
pidity of its rotation is there- 
by diminished, and this is in- 
stantly announced by a lower- 
ing of the pitch of the note. 
By checking the motion still 
more, I lower the pitch still 
further. We are here made 
acquainted with the important 
fact that the pitch of a note 
depends upon the rapidity of 
its pulses.* At the end of the 
experiment you hear the se- 
parate taps of the teeth against 

the card, their succession not 

~^ being quick enough to produce 

that continuous flow of sound which is the essence of music. 
A screw with a * milled ' head attached to a whirling table, 
and caused to rotate, produces by its taps against a card a 
note almost as clear and pure as that obtained from the 
toothed wheel of the gyroscope. 

• * Galileo finding the number of notches on his metal to be great when 
the pitch of the note was high, inferred that the pitch depended on the 
rapidity of the impulses. 
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The production of a musical sound by taps may also be 
pleasantly illustrated in the following way : — In this vice 
are fixed edgeways two pieces of sheet lead, with the 
edges a quarter of an inch apart. I lay this bar of brass 
across them, permitting it to rest upon the edges, and, 
tilting the bar a little with my hand, set it in oscillation 
like a see-saw. After a time, if left to itself, it comes to 
rest. But suppose the bar on touching the lead to be 
always tilted upwards by a force issuing from the lead 
itself, it is plain that the vibrations would then be rendered 
permanent. Now such a force is brought into play when 
the bar is heated. On its then touching the lead heat is 

Fig. 14, 




communicated, a sudden jutting upwards of the lead at the 
point of contact being the result. Hence an incessant 
tilting of the bar from side to side, so long as it continues 
sufficiently hot Substituting for the brass bar the fire- 
shovel shown in fig. 14, the same effect is produced. 

In it« descent upon the lead the bar taps it gently, the 
taps in the case now before us being so slow that you may 
readily count them. But I have here a mass of metal dif- 
ferently ghaped, which will vibrate more briskly and cause 
the tap« to succeed each other with greater rapidity. 1 
place this rocker upon a block of lead ; the taps have 
hastened to a loud rattle audible to every person in this 
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assembly. With the point of a file I press the rocker 
against the lead ; the vibrations are thereby rendered more 
rapid, and the taps link themselves together to a deep 
musical tone. I have here another rocker which oscillates 
more quickly than the last one, and which produces music 
without any other pressure than that due to its own weight. 
Pressing it, however, with the file, I quicken its vibrations, 
the pitch rises, and now a note of singular force and purity 
fills the entire room. Eelaxing the pressure, the pitch in- 
stantly falls; resuming the pressure, it again rises ; and thus 

Fig. 15. 




by the alteration of the pressure we obtain these amusing 
variations of tone. Finally, replacing this rocker by one 
of quicker vibration, we obtain a note of still higher pitch. 
The sound is here less easily obtained than with the last 
rocker, and it varies more capriciously. It is sometimes ex- 
ceedingly shrill, subsiding at intervals into a kind of plaint, 
varying in its piteh from moment to moment. Instead of 
the full melodious note of the last rocker, we have here a 
kind of expostulatory screaming sound which resembles 
more than anything else the crying of an ill-tempered 
child. Nor are such rockers essential. Allowing one face 
of the clean square end of this heated poker to rest upon 
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the block of 'lead, a rattle is heard; causing another face 
to rest upon the block, a clear musical note is obtained. 
The two faces have been bevelled diflFerently by a file, so 
as to secure diflferent rates of vibration.* 

Professor Eobison was the first to produce a musical 
sound by a quick succession of pufis of air. His device 
was the first form of an instrunjent which will soon be 
introduced to your notice under the name of the syren. 
Bobison describes his experiment in the following words : 
— * A stopcock was so constructed that it opened and shut 
the passage of a pipe 720 times in a second. The ap- 
paratus was fitted to the pipe of a conduit leading from 
the bellows to the wind-chest of an organ. The air was 
simply allowed to pass gently along this pipe by the open- 
ing of the cock. When this was repeated 720 times in a 
second, the sound g in alt was most smoothly uttered, 
equal in sweetness to a clear female voice. When the 
frequency was reduced to 360, the sound was that of a 
clear, but rather a harsh man's voice. The cock was now 
altered in such a manner that it never shut the hole en- 
tirely, but left about one-third of it open. When this was 
repeated 720 times in a second, the sound was uncommonly 
smooth and sweet. When reduced to 360, the sound was 
more mellow than any man's voice of the same pitch.' T 

* When a rough tide rolls in upon a pebbled beach, as at Blackgang Chine 
or Freshwater Gate in the Isle of Wight, the rounded stones are carried up 
the slope by the impetus of the water, and when the wave retreats the 
pebbles are dragged down. Innumerable collisions thus ensue of irregular 
intensity and recurrence. The union of these shocks impresses us as a 
kind of scream. Hence the line in Tennyson's Maud : — 

• Now to the scream of a maddened beach dragged down by the wave.' 
The height of the note depends in some measure upon the size of the pebbles, 
varying from a kind of roar — heard when the stones are large — to a scream ; 
from a scream to a noise resembling that of frying bacon ; and from this 
when the pebbles are so small as to approach the state of gravel, to a*mere 
hiss. The roar of the breaking wave itself is mainly due to the explosion 
of bladders of air. 
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possess a cock fashioned like that of Professor Eobison, 
and with it have verified his results. 

But the difficulty of obtaining the necessary speed ren- 
ders another form of the experiment more suited to our 
present purpose. Here is a disc of Bristol board b, fig. 16, 
twelve inches in diameter, and perforated at equal inter- 
vals along a circle near its circumference. The disc, being 
strengthened by a backing of tin, can be attached to a whirl- 
ing table and caused to rotate rapidly. When it rotates 
the individual holes disappear, blending themselves in each 
case into a continuous shaded circle. Immediately over 
this circle is placed a glass tube m, which is connected 

Fig. 16. 




with a pair of acoustic bellows. The disc is now motion- 
less, and the lower end of the glass tube is immediately over 
one of the perforations of the disc. If, therefore, the bel- 
lows be worked, the wind will pass from m through the 
hole underneath. But if the disc be turned a little, an un- 
perforated portion of the disc comes under the tube, the 
current of air being then intercepted. As I thus turn the 
disc slowly I bring successive perforations under the tube, 
and whenever this occurs a puff of air gets through. The 
rotation is now rapid, and the puffs succeed each other in 
very quick succession, producing pulses in the air which 
blend to a continuous musical note, audible to you all. Mark 
how the note varies. When the whirling table is turned 
rapidly the sound is shrill ; when its motion is slackened 
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the pitch immediately falls. If instead of having a single 
glass tube I had two of them, the same distance apart as 
two of our orifices, so that whenever one tube stood over 
an orifice, the other should stand over the next one, it is 
plain that if both tubes were blown through, we should on 
turning the disc get a puff through two holes at the same 
time. The intensity of the sound would be thereby aug- 
mented, but the pitch would remain unchanged. The two 
puffs issuing at the same instant would act in concert, and 
produce a greater effect than one upon the ear. And if 
instead of two holes we had ten of them, or better still, if 
we had a tube for every orifice in the disc, the puffs from 

Fig. 17. 




the entire series would all issue, and would all be cut off at 
the same time. These puffs would produce a note of far 
greater intensity than that obtained by the alternate escape 
and interruption of the air from a single tube. In the 
arrangement now before you, fig. 17, there are nine tubes 
through which the air is urged — ^through nine apertures, 
therefore, puffs escape at once. On tiirning the whirling 
table, and alternately increasing and relaxing its speed, 
the sound rises and falls like the wail of a changing wind. 
Various other means may be employed to throw the 
air into a state of periodic motion. A stretched string 
pulled aside and suddenly liberated imparts vibrations 
to the air which succeed each other in perfectly regular 
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intervals. A tuning-fork does the same. I draw this 
bow across the prongs of this tuning-fork, fig. 18. The 
bow is rubbed with resin, which enables the hairs to grip 
the fork. But the resistance of the fork soon becomes 
too strong, and the prong starts suddenly back ; it is, 
however, immediately laid hold of again by the bow, to 
start back once more as soon as its resistance becomes 
great enough. This rhythmic process, continually repeated 
during the passage of the bow, finally throws the fork 
into a state of intense vibration, and the result is this 
clear full musical note. A person close at hand could 




see the fork vibrating ; a deaf person bringing his hand 
sufficiently near would feel the shivering of the air. I 
now cause its vibrating prong to touch a card, the taps 
against the card link themselves, as in the case of the 
gyroscope, to a musical sound, the fork coming rapidly to 
rest. It is now quite still, and what we call silence ex- 
presses this absence of motion. 

When I first excite the tuning-fork the sound issues from 
it with maximum loudness, becoming gradually feebler as 
the fork continues to vibrate. I, being close to the fork, 
can notice at the same time that the amplitude or space 
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through which the prongs oscillate becomes gradually less 
and less. But within the limits here employed the most 
expert ear in this assembly can detect no change in the 
pitch of the note. The lowering of the intensity of a 
note does not therefore imply the lowering of its pitch. 
In fact, though the amplitude changes, the rate of vibra- 
tion remains the same. Pitch and intensity must therefore 
be held distinctly apart; the latter depends solely upon 
the amplitude, the former solely upon the rapidity of 
vibration. 
This tuning-fork may be caused to write the story of its 

Fig. 19. 




own motion ; the mode of doing so being very easy of com- 
prehension. Taking a piece of chalk in my fingers, and 
causing my hand to move up and down along this black 
board, I draw a short vertical line upon the board. As 
long as my hand is not permitted to move to the right or 
left, I simply go over the same chalked line. But if 
while the hand is thus moving up and down, I cause it 
also to move to the right or left, a sinuous line is drawn 
upon the board. The indentations indicate the vibration of 
my hand, and their depth indicates the amplitude of that 
vibration. Let us now turn to the tuning-fork. Attached 
to the side of one of its prongs F, fig. 19, is a thin strip of 
sheet copper which tapers to a point. I excite the tuning- 
fork ; it vibrates, and the strip of metal accompanies it in its 
vibration. I bring the point of the strip gently down upon a 
piece of smoked glass. It moves to and fro over the smoked 
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surface, leaving a clear line behind. As long as my hand 
is kept motionless, the point merely passes to and fro over 
the same line, just as the chalk a moment ago passed to 
and fro over the same line upon the black board. But it 
is plain that I have only to draw the fork along the glass 
to produce a sinuous line. I do so, and the line is drawn. 
Placing the plate of glass in front of the electric lamp, 
I throw its magnified image upon a screen ; the bright 
sinuous line is thus rendered visible to you all. While 
the plate is in front of the lamp, I will agitate the fork and 
draw it once more over the smoked surface. The luminous 
indented line starts instantly into existence. I repeat 
this process without exciting the fork afresh, and you ob- 
serve how the depth of the indentations diminishes. The 
sinuous line approximates more and more to a straight 
one. This is the visual expression of decreasing ampli- 
tude. When the sinuosities entirely disappear the ampli- 
tude has become zero, and the sound which depends upon 
the amplitude ceases altogether. 

To M. Lissajous we are indebted for a very beautiful 
method of giving optical expression to the vibrations of a 
tuning-fork. Attached to one of the prongs of this large 
fork F, fig. 20, is a small metallic mirror, the other prong 
being loaded with a piece of metal to establish equilibrium. 
Placing the fork in front of the electric lamp, and at 
a considerable distance from the screen, I permit a slender 
beam of intense light first to pass through a converging 
lens and then to fall upon the mirror. The beam is 
thrown back by reflection. In my hands I hold a small 
looking-glass, which receives the reflected beam, and 
from which it is again reflected to the screen. You 
see the image of the aperture through which the beam 
issues as a small luminous disc upon the white surface. 
It is perfectly motionless; but the moment the fork is 
get in yibration the reflected beam is tilted rapidly up and 



OPTICAL EXPRESSION OF VIBRATIONS. 



61 



down, forming a band of light three feet long. The length 
of the band depends on the amplitude of the vibration, 
and you see it gradually shorten as the motion of the 
fork is expended. It remains, however, a straight line 
as long as the glass is held in a fixed position. But 
I now suddenly turn the glass so as to make the beam 
travel from left to right over the screen ; and you 
observe the straight line instantly resolved into a beautiful 
luminous ripple m n. You are able to see this long wavy 
line because a luminous impression once made upon the 
retina lingers there for the tenth of a second. If then the 

Fig. 20. 




time required to transfer the elongated image from side to 
side of the screen be less than the tenth of a second, the 
wavy line of light will occupy for a moment the whole 
width of the screen. Instead of permitting the beam 
from the lamp to issue through a single aperture, I now 
cause it to issue through two apertures, about half an 
inch asunder, thus projecting two discs of light, one above 
the other, upon the screen. When the fork is excited and 
the mirror turned, we have this brilliant double sinuous 
line running over the dark surface, fig. 21. I now turn 
the diaphragm so as to place the two discs beside each 
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other : on exciting the fork and moving the mirror at the 
proper rate, we obtain this beautiful figure produced by 

Fio. 21. 




the interlacing of the two sinuous lines, fig. 22. The 
beauty of the figure, however, is not to be compared 
with the rippling of the actual lines of light over the screen. 

Fig. 22. 




How are we to picture to ourselves the condition of the 
air through which this musical sound is passing ? Imagine 
one of the prongs of the vibrating fork swiftly advancing ; 
it compresses the air immediately in front of it, and when 
it retreats it leaves a partial vacuum behind, the process 
being repeated by every subsequent advance and retreat. 
The whole function of the tuning-fork is to carve the air 
into these condensations and rarefactions, and they, as they 
are formed, propagate themselves in succession through 
the air. A condensation with its associated rarefaction 
constitutes, as already stated, a sonorous wave. In water 
the length of a wave is measured from crest to crest ; while 
in the case of sound the wave-length is given by the dis- 
tance between two successive condensations. In fact, the 
condensation of the sound-wave corresponds to the crest, 
while the rarefaction of the sound-wave corresponds to 
the sinus of the water-wave. Let the dark spaces, a, 6, c, c?, 
fig. 23, represent the condensations, and the light ones, 
a\ h\ c', d\ the rarefactions of the waves issuing from the 
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fork A B : the wave-length would thea be measured from a 
to b, from b to c, or from c to d. 



Fig. 23. 
a' b b c' 





W 



Pitch has been shown to depend upon rapidity of vibra- 
tion. When two notes from two distinct sources are of 
the same pitch, their rates of vibration are the same. If, 
for example, a string yield the same note as a tuning- 
fork, it is because they vibrate with the same rapidity ; 
and if a fork yield the same note as the pipe of an 
organ, or the tongue of a concertina, it is because the 
vibrations of the steel in the one case are executed in 
precisely the same time as the vibrations of the column of 
air, or of the tongue in the other. The same holds good for 
the human voice. If a string and a voice yield the same 
note, it is because the vocal chords of the singer vibrate in 
the same time as the string vibrates. Is there any way of 
determining the actual number of vibrations correspond- 
ing to a musical note ? Can we infer from the pitch of a 
string, of an organ-pipe, of a tuning-fork, or of the human 
voice, .the number of waves which it sends forth in a 
second? This very beautiful problem is capable of the 
most complete solution. 

I have shown you, by the rotation of a perforated paste- 
board disc, that a musical sound is produced by a quick 
succession of puffs. Had we any means of registering the 
number of revolutions accomplished by that disc in a 
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Fig. 24. 



minute, we should have in it a means of determining the 
number of puffs per minute due to a note of any deter- 
minate pitch. The disc, 
however, is but a cheap 
substitute for a far more 
perfect apparatus which I 
now bring before you; 
which requires no whirling 
table, and which registers 
its own rotations with the 
most perfect accuracy. I will 
take the instrument asunder, 
so that you may see its 
various parts. A brass tube ty 
fig. 24, leads into this brass 
cylinder c, closed at the top 
by a brass plate a 6. This 
plate is perforated with four 
series of holes, placed along 
four concentric circles. The 
innermost series contains 
8, the next 10, the next 
12, and the outermost 16 
orifices. When I blow into 
the tube f, the air escapes 
through the orifices, and the 
problem now before us is 
to convert these continuous 
currents into discontinuous 
puffs. This is accomplished 
by means of a brass disc, d e, also perforated with 8, 
10, 12 and 16 holes, at the same distances from the 
centre and with the same intervals between them as those 
in the top of the cylinder c. Through the centre of 
the disc passes a steel axis, the two ends of which are 
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smoothly bevelled oflF to the points p and p\ My object 
now is to cause this perforated disc to rotate over the per- 
forata top a 6 of the cylinder c. You will understand 
how this is done by observing me put the instrument 
together. In the centre of a 6, fig. 24, is a depression x 
sunk in steel, smoothly 
polished and intended to 
receive the end p' of the 
axis. I place the end p' 
in this depression, and 
holding the axis upright, 
bring down upon its 
upper end p a steel cap, 
finely polished within, 
which holds the axis 
at top and bottom, the 
pressure being so gentle, 
and the polish of the 
touching surfaces so 
smooth, that the disc 
can rotate with an ex- 
ceedingly small amount 
of friction. At c, fig. 25, 
is the cap which fits on 
to the upper end of the 
axis p p'. In this figure 
the disc, d e, is shown 
covering the top of the 
cylinder c. I would 
ask you to neglect for 
the present the wheelwork of the figure. Turning the 
disc de thus slowly round, I can cause its perforations 
to coincide or not coincide with those of the cylinder 
underneath. As the disc turns, its orifices come alternately 
over the perforations of the cylinder, and over the spaces 

F 
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between the perforations. Hence it is plain that if air 
were urged into c, and if the disc could be caused to rotate 
at the same time, we should accomplish our object, and 
carve into puflFs the streams of air. In this beautiful 
instrument, the disc is caused to rotate by the very air 
currents which it has to render intermittent. This is 
done by the simple device of causing the perforations to 
pass obliquely through the top of the cylinder c, and also 
^^^ 26. obliquely, but oppositely 

'_ ' inclined, through the 

rotating disc d e. The 
air is thus caused to issue 
from c, not vertically, 
but in side currents, 
which impinge against 
the disc and drive it 
round. In this way, by 
its passage through the 
syren, the air is moulded 
into sonorous waves. 
Another moment will make you acquainted with the re- 
cording portion of the instrument. At the upper part of 
the steel axis p p\ you observe a screw 8, working into 
a pair of toothed wheels, seen when the back of the 
instrument is turned towards you, as in fig. 25. You 
notice that as the disc and its axis turn, these wheels 
rotate. In front you simply see these two graduated 
dials, fig. 26, each furnished with an index like the 
hand of a clock. These indexes record the number of 
revolutions executed by the disc in any given time. By 
pushing the button a or 6 it is in my power to throw this 
wheelwork into or out of action, and thus to start or to 
suspend, in a moment, the process of recording. Here, 
finally, is a series of pins, m, n, o, p, by which any series 
of orifices in the top of the cylinder c can be opened or 
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closed at pleasure. By pressing m, I open one series ; by 
pressing n, I open another. By pressing two keys, I open 
two series of orifices ; by pressing three keys, I open three 
series; and by pressing all the keys, puflFs issue from the 
four series simultaneously. The perfect instrument is now 
before you, and I think your knowledge of it is complete. 

The instrument received the name of syren from its 
inventor, Cagniard de la Tour. The one now before you is 
the syren as greatly improved by Dove. The pasteboard 
syren, whose performance you have already heard, was 
devised by Seebeck, who gave the instrument various in- 
teresting forms, and executed with it various important 
experiments. Let us now make our syren sing. Pressing 
the key m, I open the outer series of apertures in the 
cylinder c, and, working the bellows, cause the air to 
impinge against the disc, which now begins to rotate. 
You hear a succession of puflfs which follow each other so 
slowly that they may be counted. But as the motion 
augments, the puffs succeed each other with increasing 
rapidity, and now for the first time you hear a deep 
musical note. As the velocity of rotation increases the 
note rises in pitch : it is now very clear and full, and 
as I urge the air more vigorously, it becomes so shrill 
as to be painful to the ear. Here we have a further illus- 
tration of the dependence of pitch on rapidity of vibration. 
I touch the side of the disc and lower its speed ; the pitch 
falls instantly. I continue the pressure, and the tone 
continues to sink, ending in the discontinuous puffs with 
which it commenced. 

. Were the blast sufficiently powerful, and the syren suffi- 
ciently free from friction, I might urge it to higher and 
higher notes, imtil finally its sound would become inaudible 
to human ears. This, however, would not prove the absence 
of vibratory motion in the air; but would rather show that 
our auditory apparatus is incompetent to take up, or our 
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brains incompetent to translate into sound, vibrations whose 
rapidity exceeds a certain limit. The ear, as we shall im- 
mediately learn, is in this respect similar to the eye. 

By means of this syren we can determine with extreme 
accuracy the rapidity of vibration of any sonorous body. 
It may be a vibrating string, an organ pipe, a reed, or 
the human voice. Operating delicately, we might even 
determine from the hum of an insect the number of 
times it flaps its wings in a second. I will illustrate 
the subject by determining in your presence this tuning- 
fork's rapidity of vibration. From the acoustic bellows 
I urge air through the syren, and, at the same time, draw 
iny bow across the fork- Both now sound together, the 
tuning-fork yielding at present the highest note. But the 
pitch of the syren gradually rises, and now you hear the 
* beats' so well known to musicians, which indicate that 
the two notes are not wide apart in pitch. These beats, 
you notice, become slower and slower ; now they entirely 
vanish, and both notes blend as it were to a single stream 
bf sound. The unison is now perfect, and by regulating 
the force of the bellows, I will endeavour to maintain it 
so. All this time the clockwork of the syren has re- 
mained out of action ; I set it going by pushing the button 
ii, as the second-hand of my wat<;h crosses the number 60. 
I allow the disc to continue its rotations for a minute, 
exciting the timing-fork from time to time to assure you 
and myself that the unison is preserved. The second-hand 
of my watch now approaches 60 ; as it passes the number 
I suddenly push 6 and stop the clock-work; and here 
recorded on the dials we have the exact number of revolu- 
tions performed by the disc. This number is 1,440. But 
the series of holes open during the experiment numbers 
16; for every revolution, therefore, we had 16 puffs of 
air, or 16 waves of sound. Multiplying 1,440 by 16, we 
obtain 23,040 as the number of vibrations executed by 
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the tuning-fork in a minute. Dividing this number by 
t)0, we find the number of vibrations executed in a second 
to be 384, 

Having determined the rapidity of vibration, the length 
of the corresponding sonorous wave is found with the 
utmost facility. Imagine this tuning-fork vibrating in 
free air. At the end pf a second from the time it com- 
menced its vibrations, the foremost wave would have 
reached a distance of 1,090 feet in air of the freezing 
temperature. In the air of this room, which has a tem- 
perature of about 15® C, it would reach a distance of 1,120 
in a second.. In this distance, therefore^ are embraced 
384 sonorous waves. Dividing, therefore, 1,120 by 384, 
we find the length of each wave to be nearly 3 feet. 
Determining in this way the rates of vibration of the four, 
tuning-forks now before you, we find them .to be 256, 320^ 
384, and 512; these numbers corresponding to wave- 
lengths of 4 feet 4 inches, 3 feet 6 inches, 2 feet 11 inches, 
and 2 feet 2 inches respectively. The waves generated by 
a man's organs of voice in common conversation are from 
8 to 12 feet, those of a woman are from 2 to 4 feet in 
length. Hence a woman's ordinary pitch in the lower 
sounds of conversation is more than an octave above a 
man's ; in the higher sounds it is two octaves. 

And here it is important to note that when I apeak of 
vibrations, I mean complete ones ; and when I speak of a 
sonorous wave, I mean a condensation and its associated 
rarefaction, I include in one vibration one excursion ta 
and fro of the vibrating body. Every wave generated by 
such vibrations bends the tympanic membrane once in and 
once out. These are the definitions of a vibration and of 
a sonorous wave employed in England and Germany. In 
France, however, a vibration consists of an excursion of 
the vibrating body in one direction^ whether to or fro. 
The French vibrations, therefore^ are only the halves of 



70 LECTURE 11. 

ours, and we therefore call them semi-vibrations. In all 
cases throughout these lectures, when the word vibration is 
employed without qualification, it refers to complete vibra^ 
tions. 

During the time required by each of those sonorous 
waves to pass entirely over a particle of air, that particle 
accomplishes one complete vibration. It is at one moment 
pushed forward into the condensation, while at the next 
moment it is urged back into the rarefaction. The time 
required by the particle to execute a complete oscillation 
is,' therefore, that required by the sonorous wave to move 
through a distance equal to its own length. Supposing 
the length of the wave to be 8 feet, and the velocity of 
sound in air of our present temperature to be 1,120 feet a 
second, the wave in question will pass over its own length 
of air in yi-g^th of a second, and this is the time required 
by every air-particle that it passes to complete an oscilla- 
tion. In air of a definite density and elasticity a certain 
length of wave always corresponds to the same pitch. But 
supposing the density or elasticity not to be uniform ; 
supposing, for example, the sonorous waves from one of 
our tuning-forks to pass from cold to hot air, an instant 
augmentation of the wave-length would, occur, without any 
change of pitch, for we should have no change in the 
rapidity with which the waves would reach the ear. Con- 
versely with the same length of wave the pitch would be 
higher in hot air than in cold, for the succession ' of the 
waves would be quicker. In an atmosphere of hydrogen 
waves 8 feet long would produce a note nearly two 
octaves higher than in air, for, in consequence of the 
greater rapidity of propagation, the number of impulses 
received in a given time in the one case would be nearly 
four times the number received in the other. 

I now open both the innermost and outermost series of 
the orifices of our syren. Sounding both of them, either 



SONOROUS WAVES OF THE HUMAN VOICE. 71 

together or in succession, the musical ears present at once 
detect the relationship of the two sounds. They notice 
at once that the sound which issues from the circle of 
16 orifices is the octave of that which issues from the 
circle of 8. But for every wave sent forth by the latter, 
two waves are sent forth by the former. In this way we 
prove that the physical meaning of the term octave is that 
it is a note produced by double the number of vibrations 
of its fundamental. By multiplying the vibrations of the 
octave by two, we obtain its octave, and by a continued mul- 
tiplication of this kind we obtain a series of numbers 
answering to a series of octaves. Starting, for example, 
from a fundamental note of 100 vibrations, we should find 
by this continual multiplication that a note five octaves 
above it would be produced by 3,200 vibrations. Thus : — 



100 
2 


Fundamental note 


200 

2 


Ist octave 


400 
2 


2nd octare 


800 
2 


3rd octave 


1600 
2 


4th octave 


3200 


6th octave 



The satae figure is more readily obtained by multiplying 
the vibrations of the fundamental note by the fifth power 
of two. In a subsequent lecture we shall return to this 
question of musical intervals. For my present purpose it 
is only necessary that I should define an octave. 

I have already stated that there is a limit to the ear's 
range of hearing. It is in fact limited in both directions 
in its perception of musical sounds. Savart fixed the 
lower limit of the human ear at eight complete vibrations 
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a second; and to cause these slowly recurring vibrations to 
link themselves together, he was obliged to employ shocks 
of great power. By means of a toothed wheel and an 
associated counter, he fixed the upper limit of hearing at 
24,000 vibrations a second. Helmholtz has recently fixed 
the lower limit at 16 vibrations, and the higher at 38,000 
vibrations, a second. By employing very small tuning- 
forks, the late M. Depretz showed that a sound correspond- 
ing to 38,000 vibrations a second is audible.* Starting 
from the note 16 and multiplying continually by 2 ; or 
more compendiously raising 2 to the 11th power, and 
multiplying this by 16, we should find that at 11 octaves 
above the fundamental note the number of vibrations 
would be 32,768. Taking, therefore, the limits assigned 
by Helmholtz, the entire range of the human ear embraces 
about 1 1 octaves. But all the notes comprised within these 
limits cannot be employed in music. The practical range 
of musical sounds is comprised between 40 and 4,000 
vibrations a second, which amounts, in round numbers, 
to 7 octaves.! 

* The error of Savart consists, according to Helmholtz, in having adopted 
an arrangement in which overtones (described in Lecture III.) were mistaken 
for the fundamental one. The determination of the higher limit is worthy 
of still further experiment. Nor has it, as far as I can see, as yet been clearly 
established, how far an augmentation of intensity would a£fect the lower 
limit. 

t * The deepest tone of orchestra instruments is the £ of the double- 
bass, with 41^ vibrations. The new pianos and organs go generally as far 
asO* with 33 vibrations ; new grand pianos may reach A" with 27^ vibrations^ 
In large organs a lower octave is introduced reaching to C" with 16 J vibra- 
tions. But the musical character of all these tones under E is imperfect, 
because they are near the limit where the power of the ear to unite the vibra- 
tions to a tone ceases. In height the pianoforte reaches to a'"" with 3,520 
vibrations, or sometimes to c^ with 4,224 vibrations. The highest note of 
the orchestra is probably the d^ of the piccolo flute, with 4,752 vibrations.' — 
Helmholtz, Tonempfindungen^ p. 30. In this notation we start from C with 
66 vibrations, calling the first lower octave CS and the second C" ; and 
caUing the first highest octave c, the second c*, the third c", the fourth 
e***, &c. In England the deepest tone, Mr. Macfarren informs me, is not b 
but A, a fourth above it. . 
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The limits of hearing are different in different persons. 
Dr. WoUaston, to whom we owe the first proof of this, 
while endeavouring to estimate the pitch of certain sharp 
sounds, remarked in a friend a total insensibility to the 
sound of a small organ-pipe, which, in respect to acute- 
ness, was far within the ordinary limits of hearing. The 
sense of hearing of this person terminated at a note four 
octaves above the middle E of the pianoforte. The squeak 
of the bat, the sound of a cricket, even the chirrup of the 
common house-sparrow are unheard by some people who 
for lower sounds possess a sensitive ear. The ascent of a 
single note is sometimes sufficient to produce the change 
from sound to silence. * The suddenness of the transition," 
writes WoUaston, * from perfect hearing to total want of 
perception, occasions a degree of surprise which renders an 
experiment of this kind with a series of small pipes among 
several persons rather amusing. It is curious to observe 
the change of feeling manifested by various individuals of 
the party, in succession, as the sounds approach and pass 
the limits of their hearing. Those who enjoy a temporary 
triumph are often compelled, in their turn, to acknowledge 
to how short a distance their little superiority extends.' 
'Nothing can be more surprising,' writes Sir John Herschel, 
in reference to this subject, ^than to see two persons, 
neither of them deaf, the one complaining of the pene- 
trating shrillness of a sound, while the other maintains 
there is no sound at alL Thus, while one person men- 
tioned by Dr. WoUaston could but just hear a note 4 
octaves above the middle E of the pianoforte, others have 
a distinct perception of sounds full 2 octaves higher. The 
chirrup of the sparrow is about the former limit ; the cry 
of the bat about an octave above it; and that of some 
insects probably another octave.' In ' The Glaciers of the 
Alps' I have referred to a case of short auditory range 
noticed by myself, in crossing the Wengern Alp in 
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company with a friend. The grass at each side of the 
path swarmed with insects, which to me rent the air 
with their shrill chirruping. My friend heard nothing 
of this, the insect-music lying quite beyond his limit of 
audition. 

Behind the tympanic membrane exists a cavity — ^the 
drum of the ear — in part filled by a series of bones which 
cross it, and in part occupied by air. This cavity com- 
municates with the mouth by means of a duct called the 
Eustachian tube. This tube is generally closed, the air- 
space behind the tympanic membrane being thus shut off 
from the external air. If, under these circumstances, the 
external air become denser, it will press the tympanic mem- 
brane inwards. If, on the other hand, the air outside be- 
come rarer, while the Eustachian tube remains closed, 
the membrane will be pressed outwards. Pain is felt in 
both cases, and partial deafness is experienced. Once while 
crossing the Stelvio Pass by night in company with a friend, 
he complained of acute pain in the ears. I desired him to 
swallow his saliva : he did so, and the pain instantly dis- 
appeared. By the act of swallowing the Eustachian tube 
is opened, and thus equilibrium is established -between 
the external and internal pressure. 

It is possible to quench the sense of hearing of low 
sounds by stopping the nose and mouth, and expanding 
the chest, as in the act of inspiration. This effort partially 
exhausts the space behind the tympanic membrane, which 
is then thrown into a state of tension by the pressure of the 
outward air. A similar deafness to low sounds is produced 
when the nose and mouth are stopped, and a strong effcrrt 
is made to expire. In this case air is forced through the 
Eustachian tube into the drum of the ear, the tympanic 
membrane being distended by the pressure of the internal 
air. The experiment may be made in a railway car- 
riage, when the low rumble will vanish, or be greatly en- 
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feebled, while the sharper sounds are heard with undimi- 
nished intensity. Dr. Wollaston was expert in closing the 
Eustachian tube^ and leaving the space behind the tympanic 
membrane occupied byeither compressed or rarefied air. He 
was thus able to cause his deafness to continue for any re« 
quired time without any effort on his part, always, however, 
abolishing it by the act of swallowing. A sudden con- 
cussion may produce deafoess by forcing air either into 
or out of the drum of the ear. In the summer of 1858 I 
was on the Fee Alp in Switzerland, where, jumping from 
a cjilf on to what I supposed to be a deep snow-drift, 
I came into nide collision with a rock which the snow 
barely covered. The sound of the wind, the rush of the 
glacier torrents, and all the other noises which a sunny 
day awakes upon the moimtains, instantly ceased. I could 
hardly hear the sound of my guide's voice. This deafness 
continued for half-an-hour ; at the end of which time a 
suitable act opened the Eustachian tube, and restored, with 
the quickness of magic, the innumerable murmurs which 
filled the air around me. 

Light, like sound, is excited by pulses or waves ; and 
lights of difierent colours, like sounds of diflferent pitch, 
are excited by diflferent rates of vibration. But in its 
width of perception the ear exceedingly transcends the 
eye; for while the former ranges over 11 octaves, but little 
more than a single octave is possible to the latter. The 
quickest vibrations which strike the eye, as light, have 
only about twice the rapidity of the slowest;* whereas 
the quickest vibrations which strike the ear, as a musical 
sound, have more than two thousand times the rapidity 
of the slowest. ^ 

Dove, as we have seen, extended the utility of the syren 

* It 18 hardly necessary to remark tiiat the quickest vibrations and 
shortest waves correspond to the extreme violet, while the slowest vibra- 
tions and longest waves correspond to the extreme red, of the spectrum. 
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of Cagniard de la Tour by providing it with four series of 
orifices instead of one. By doubling all its parts, Helmholtz 
has recently added vastly to the power of the instrument 
The double syren, as it is called, is now before you, 
fig. 27. It is composed of two of Dove's syrens, c and 
c', the upper one of which is turned upside down. You will 
recognise in the lower syren the instrument with which you 
are already acquainted. You see the disc with its perfo- 
rations, and the four pins employed to open the orifices. 
The discs of the two syrens have a common axis, so that 
when one of them rotates the other rotates with it. As in 
the former case, the number of revolutions is recorded by 
clockwork (omitted in the figure). When air is urged 
through the tube i' the upper syren alone sounds ; when 
urged through ^, the lower one only sounds ; when it is urged 
simultaneously through ^ and ^, both the syrens sound* 
With this instrument, therefore, we shall be able to in- 
troduce much more varied combinations than with the 
former one. Helmholtz has also contrived a means by 
which not only the disc of the upper syren, but the cylinder 
d above the disc can be caused to rotate. This is effected 
by a toothed wheel and pinion, turned by a handle. Under- 
neath the handle is a dial with an index, the use of which 
will be subsequently illustrated. 

Let us direct our attention for the present to the upper 
syren. By means of an india-rubber tube I connect the 
orifice ^ with our acoustic bellows, and urge air into c'. Its 
disc turns round, and we obtain with it all the results already 
obtained with Dove's syren. The pitch of the note is now 
uniform. I turn the handle above, so as to cause the orifices 
of the cylinder c' to tYieei those of the disc; it is plain that 
the two sets of apertures must now pass each other more 
rapidly than when the cylinder stood still. You perceive 
the result; an instant rise of pitch occurs when the 
handle is thus turned. By reversing the motion of the 
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handle, the orifices are caused to pass each other more slowly 
than when the cylinder c/ is still, and in this case you 
notice an instant fall of pitch when the handle is turned. 
Thus, by imparting in quick alternation a right-handed 
and left-handed motion to the handle, we obtain these suc- 
cessive rises and falls of pitch. An extremely instruc- 
tive eflfect of this kind may be observed at any railway 
station on the passage of a rapid train. During its 
approach the sonorous waves emitted by the whistle 
are virtually shortened, a greater number of them being 
crowded into the ear in a given time. During its retreat 
we have a virtual lengthening of the sonorous waves. The 
consequence is, that when approaching, the whistle sounds 
a higher note, and when retreating it sounds a lower note, 
than if the train were still. A fall of pitch, therefore, is 
perceived as the train passes the station.* This is the 
basis of Doppler's theory of the coloured stars. He sup- 
poses that all stars are white, but that some of them are 
rapidly retreating from us, thereby lengthening their lumi- 
niferous waves, and becoming red. Others are rapidly 
approaching us, thereby shortening their luminiferous 
waves, and becoming green or blue. The ingenuity of 
this theory is extreme,* but its correctness is more than 
doubtful. 

We have thus far occupied ourselves with the trans- 
mission of musical soimds through air. They are also 
faithfully transmitted by liquids and solids. To prove this, 
I place this drinking glass upon the table, and fill it with 
water. I strike this tuning-fork and cause it to vibrate ; but 
except the persons closest to me, nobody present is con- 
scious of its vibrations. The fork is screwed into a little 
wooden foot, which I now dip into the water, not permitting 
it to touch the sides of the glass. You instantly hear a 

* Experiments on this subject were first made by M. Buys Ballot on the 
Dutch railway, and subsequently by Mr. Scott Russell in this country. 



MUSICAL SOUNDS THROUGH LIQUIDS. 



79 




musical sound. I have here a tube m n, fig. 28, three feet 

long, set upright upon this wooden tray a b. The tube ends 

in a funnel at the 

X J T Fio. 28. 

top, and I now 

fill it with water 
to the brim. As 
before, I throw 
the fork F into 
vibration, and on 
dipping its foot 
into the funnel 
at the top of the 
tube, a musical 
sound swells out. 
I must so far 
forestall matters 
as to remark, that 
in this experi- 
ment the tray is 
the real sounding 
body. It has been 
thrown into vi- 
bration by the 
fork, but the vi- 
brations have been conveyed to the tray hy the water. 
Through the same medium vibrations are communicated 
to the auditory nerve, the terminal filaments of which. are 
immersed in a liquid : substituting mercury for water, a 
similar result is obtained. 

The syren has received its name from its capacity to 
sing under water. The vessel now in front of the table 
is half filled with water, in which a syren is wholly 
immersed. By turning this cock I permit the water from 
the pipes which supply the house to force itself through 
the instrument. Its disc is now rotating, and a sound 
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of rapidly augmenting pitch issues from the vessel. The 
pitch rises thus rapidly because the heavy and power- 
fully pressed water soon drives the disc up to its maxi- 
mum speed of rotation. I partially stop the supply ; 
the motion relaxes and the pitch falls. Thus, by alter- 
nately opening and closing the cock, I cause the song of 
the syren to rise and fall in a wild and melancholy 
manner. You would not consider such a sound likely 
to woo mariners to their doom. 

The transmission of musical sounds through solid bodies 
is also capable of easy and agreeable illustration. Before 
you is a wooden rod, thirty feet long, passing from 
this table through a window in the ceiling into the 
open air above. The lower end of the rod rests upon a 
wooden tray, to which I hope to be able to transfer the 
music of a body applied to the upper end of the rod. 
My assistant is above, with a tuning-fork in his hand. 
He strikes the fork against a pad; it vibrates, but you 
hear nothing. He now applies the stem of his fork to 
the end of the rod, and instantly the wooden tray upon 
the table is rendered musical. The pitch of this sound, 
moreover, is exactly that of the tuning-fork; the wood 
has been passive as regards pitch, transmitting the precise 
vibrations imparted to it, without any alteration. I employ 
another fork and obtain a note of another pitch. Thus I 
might employ fifty forks instead of two, and 300 feet of 
wood instead of 30 ; the wood would transmit the precise 
vibrations imparted to it, and no other. 

We are now prepared to appreciate an extremely beau- 
tiful experiment, for which we are indebted to Professor 
Wheatstone, and which I am now able to make before 
you. In a room underneath this, and separated from 
it by two floors, is a piano. Through the two floors 
passes a tin tube 2^ inches in diameter, and along 
the axis of this tube passes a rod of deal, the end of 
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which emerges from the floor in front of the lecture table. 
The rod is clasped by india-rubber bands, which entirely 
close the tin tube. The lower end of the rod rests 
upon the sound-board of the piano, its upper end being 
exposed before you. An artist is at this moment en- 
gaged at the instrument, but you hear no sound. I 
place this violin upon the end of the rod; the violin be- 
comes instantly musical, not however with the vibrations 
of its own strings, but with those of the piano. I remove 
the violin, the sound ceases ; I put in its place a guitar, 
and the music revives. For the violin and guitar I sub- 
stitute this plain wooden tray ; it is also rendered musical. 
Here, finally, is a harp, against the sound-board of which 
I cause the end of the deal rod to press ; every note of 
the piano is reproduced before you. I lift the harp so as 
to break its connexion with the piano, the sound vanishes ; 
but the moment I cause the sound-board to press upon 
the rod, the music is restored.. The sound of the piano so 
far resembles that of the harp that it is hard to resist the 
impression that the music you hear is that of the latter 
instrument. An uneducated person might well believe 
that witchcraft is concerned in the production of this 
music. 

What a curious transference of action is here presented 
to the mind 1 At the command of the musician's will, 
his fingers strike the keys; the hammers strike the 
strings, by which the rude mechanical shock is shivered 
into tremors. The vibrations are communicated to the 
sound-board of the piano. Upon that board rests the end 
of the deal rod, thinned oflF to a sharp edge to make it 
fit more easily between the wires. Through this edge, 
and afterwards along the rod, are poured with unfailing 
precision the entangled pulsations produced by the shocks 
of those ten agile fingers. To the sound-board of the harp 
before you the rod faithfully delivers up the vibrations 
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of which it is the vehicle. This second sound-board trans- 
fers the motion to the air, carving it and chasing it into 
forms so transcendently complicated, that confusion alone 
could be anticipated from the shock and jostle of the 
sonorous waves. But the marvellous human ear accepts 
every feature of the motion : and all the strife and struggle 
and confusion melt i&nally into music upon the brain.* 

* An ordinary musical box may be substituted for the piano in this 
experiment. 
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SUMMARY OF LECTURE 11. 

A musical sound is produced by sonorous shocks which 
follow each other at regular intervals, with a suflBcient 
rapidity of succession. 

Noise is produced by an irregular succession of sonorous 
shocks. 

A musical sound may be produced by taps which ra- 
pidly and regularly succeed each other. The taps of a 
card against the cogs of a rotating wheel are usually em- 
ployed to illustrate this point. 

A musical sound may also be produced by a succession 
of puffs. The syren is an instrument by which such 
puffs are generated. 

The pitch of a musical note depends solely on the num- 
ber of vibrations concerned in its production. The more 
rapid the vibrations, the higher the pitch. 

By means of the syren the rate of vibration of any sound- 
ing body may be determined. It is only necessary to 
render the sound of the syren aod that of the body iden- 
tical in pitch, to maintain both sounds in unison for a 
certain time, and to ascertain, by means of the counter of 
the syren, how many puffs have issued from the instniment 
in that time. This number expresses the number of vibra- 
tions executed by the sounding body. 

When a body capable of emitting a musical sound — a 
tuning-fork for example — vibrates, it moulds the surround- 
ing air into sonorous waves, each of which consists of a 
condensation and a rarefaction. 

The length of the sonorous wave is measured from 

g2 
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condensation to condensation, or from rarefaction to rare- 
faction. 

The wave-length is found by dividing the velocity of 
sound per second by the number of vibrations executed 
by the sounding body in a second. 

Thus a tuning-fork which vibrates 256 times in a second 
produces in air of 15** C, where the velocity is 1,120 feet 
a second, waves 4 feet 4 inches long. While two other 
forks, vibrating respectively 320 and 384 times a second, 
generate waves 3 feet 6 inches and 2 feet 11 inches long. 

A vibration, as defined in England and Germany, com- 
prises a motion ta and fro. It is a complete vibration. In 
France, on the contrary, a vibration comprises a move- 
ment to or fro. The French vibrations are with us semi- 
vibrations. 

The time required by a particle of air over which a 
sonorous wave passes, to execute a complete vibration, is 
that required by the wave to move through a distance 
equal to its own length. 

The higher the temperature of the air, the longer is the 
sonorous wave corresponding to any particular rate of vi- 
bration. Given the wave-length and the rate of vibration, 
we can readily deduce the temperature of the air. 

The human ear is limited in its range of hearing musical 
sounds. If the vibrations number less than 16 a second, 
we are conscious only of the separate shocks. If they ex- 
ceed 38,000 a second, the consciousness of sound ceases 
altogether. The range of the best ear covers about 11 
octaves, but an auditory range limited to 6 or 7 octaves is 
not uncommon. 

The sounds available in music are produced by vibrations 
comprised between the limits of 40 and 4,000 a second. 
They embrace 7 octaves. 

The range of the ear far transcends that of the eye, 
which hardly exceeds an octave. 
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By means of the Eustachian tube, which is opened in 
the act of swallowing, the pressure of the air on both sides 
of the tympanic membrane is equalised. 

By either condensing or rarefying the air behind the 
tympanic membrane, deafness to sounds of low pitch may 
be produced. 

On the approach of a railway train the pitch of the 
whistle is higher, on the retreat of the train the pitch is 
lower, than if the train were at rest. 

Musical sounds are transmitted by liquids and sob'ds. 
Such sounds may be transferred from one room to another ; 
from the ground-floor to the garret of a house of many 
stories, for example, the sound being unheard in the rooms 
intervening between both, and rendered audible only when 
the vibrations are communicated to a suitable soimd-board. 
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VIBRATIONS OF STEINGS — HOW EMPLOYED IN MUSIC — INFLUENCE OF 

SOUND-BOABDS — LAWS OF VIBRATING STRINGS ILLUSTRATIONS ON A 

LARGE SCALE — COMBINATION OF DIRECT AND REFLECTED PULSES STA- 
TIONARY AND PROGRESSIVE WAVES — NODES AND VENTRAL SEGMENTS — 
APPLICATION OF RESULTS TO THE VIBRATIONS OF MUSICAL STRINGS — 
EXPERIMENTS OF M. MELDE — STRINGS SET IN VIBRATION BY TUNING- 
FORKS — LAWS OF VIBRATION THUS DEMONSTRATED HARMONIC TONES 

OF STRINGS ^DEFINITIONS OF TIMBRE OR QUAI.ITY, OF OVERTONES AND 

CLANG — ABOLITION OF SPECIAL HARMONICS — CONDITIONS WHICH AFFECT 

THE INTENSITY OF THE HARMONIC TONES OPTICAL EXAMINATION OF 

THE VIBRA.TIONS OF A PLANO-WIRB. 



WE have to begin our studies to-day with the vibrations 
of strings, or wires; to learn how bodies of this 
form are rendered available as sources of musical sounds, 
and to investigate the laws of their vibrations. 



Fig. 29. 




To enable a string to vibrate transversely, it must be 
stretched between two rigid points. Before you, fig 29, is 
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Un instrutnent employed to stretch strings, so as to render 
their vibrations audible. From the pin p, to which one 
end of it is firmly attached, the string passes across the two 
bridges b and b', being afterwards carried over the wheel 
H, which moves with great freedom. The string is finally 
stretched by a weight w of 28 lbs. attached to its extremity. 
The bridges b and b', which constitute the real ends of 
the string, are fastened on the long wooden box m n. The 
whole instrument is called a monochord or sonometer. 

I take hold of the stretched string b b' at its middle 
point, pull it aside, and liberate it suddenly. Let us hence- 
forth call this act plucking the string. After having been 
plucked, the string springs back to its first position, passes 
it, returns, and thus vibrates for a time to and fro across 
its position of equilibrium. You hear a sound, and I at 
the same time can plainly see the limits between which 
the string vibrates. The sonorous waves which at pre- 
sent strike your ears do not proceed immediately from the 
string. The amount of motion which so thin a body 
imparts to the air is too small to be sensible at any dis- 
tance. But the string is drawn tightly over the two 
bridges B b' ; and when it vibrates, its tremors are com- 
municated through these bridges to the entire mass of the 
box M N, and to the air within the box, which thus become 
the real sounding bodies. 

That the vibrations of the string alone are not suflBcient 
to produce the sound, may be thus experimentally demon- 
strated : — A B, fig. 30, is a piece of wood placed across an 
iron bracket c. From each end of the piece of wood 
depends a rope ending in a loop, while stretching across 
from loop to loop is an iron bar m n. From the middle 
of the iron bar hangs a steel wire 8 8% stretched by a 
weight w of 28 lbs. By this arrangement, the wire is 
detached from all large surfaces to which it could impart 
its vibrations. Here is a second wire t if^ fig. 31, of the 
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Fig. 30. 




same length, thickness, and material as ssf, with one of 
its ends attached to the wooden tray a b. This wire also 

carries a weight w of 28 lbs. 
Finally, passing over the 
bridges b b' of the sonome- 
ter, fig. 29, is our third wire, 
in every respect like the 
two former, and like them 
stretched by a weight w of 
28 lbs. I now pluck the 
wire 8 8\ fig. 30. It vibrates 
vigorously, but even those 
upon the nearest benches 
do not hear any sound. 
The agitation which it im- 
parts to the air is too in- 
considerable to aflFect the 
auditory nerve at any dis- 
tance. I cause the wire t if^ 
fig. 31, to vibrate, and you 
all hear its sound distinctly. 
Though one end only of the 
wire is connected with the 
tray, a b, the vibrations 
transmitted to it are suffi- 
cient to convert the tray 
into a sounding body. 
Finally, I pluck the wire of 
the sonometer m n, fig. 29 ; 
here the sound is loud and full, because the instrument is 
specially constructed to take up the vibrations of the wire. 
The importance of employing proper sounding appa- 
ratus in stringed instruments is rendered manifest by 
these experiments. It is not the chords of a harp, or a lute, 
or a piano, or a violin, that throw the air into sonorous 
vibrations. It is the large surfaces with which the strings 
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Fig. 31. 




are associated, and the air enclosed by these surfaces. 
The goodness of such instruments depends almost wholly 
upon the quali- 
ty and disposition 
of their sound- 
boards.* 

Take the violin 
as an example. It 
is, or ought to be, 
formed of wood of 
the most perfect 
elasticity. Imper- 
fectly elastic wood 
expends the mo- 
tion imparted to it 
in the friction of 
its own molecules; 
the motion is con- 
verted into heat 
instead of sound. 
The strings of the 
violin pass from 
the tail-piece of 
the instrument 
over the bridge, 
being thence car- 
ried to the pegs, 
the turning of 
which regulates 

the tension of the strings. The bow is drawn at a point 
about one-tenth of the length of the string from the bridge. 

* To show the influence of a large vibrating surface in communicating 
sonorous motion to the air, Mr. Kilbum encloses a musical box within 
cases of thick felt. Through the cases a wooden rod, which rests upon the box, 
issues. When the box plays a tune, it is unheard as long as the rod only 
emerges; but when a thin disc of wood is fixed on the rod, the music 
becomes immediately audib e. 
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The two feet of the bridge rest upon the most yielding por- 
tion of the * belly ' of the violin, that is, the portion that lies 
between the twoyshaped orifices. One foot is fixed over a 
short rod, the * sound post,' which runs from belly to back 
through the interior of the violin. This foot of the bridge 
is thereby rendered rigid, and it is mainly through the other 
foot, which is not thus supported, that the vibrations are 
conveyed to the wood of the instrument, and thence to the 
air within and without. The molecular changes which age 
brings along with it are of importance. As the electrician 
finds that the glass he rubs to-day yields electricity not 
as it did a year ago ; not, perhaps, as it will a year to come, 
the molecular condition of the glass, and with it its electric 
quality, changing through time; so do we find the sonorous 
quality of the wood of a violin mellowed by age. More- 
over, the very act of playing has a beneficial influence ; 
apparently constraining the molecules of the wood, which 
in the first instance were refractory, to conform at last to 
the requirements of the vibrating strings. 

Having thus learned how the vibrations of strings are 
rendered available in music, we have next to investigate 
the laws of such vibrations. Laying hold of it at its middle 
point, I pluck the string b b', fig. 29. The sound now 
heard is the fundamental or lowest note of the string, to 
produce which it swings, as a whole, to and fro. Placing 
a moveable bridge under the middle of the string, and 
pressing the string against the bridge, I divide it into two 
equal parts. Plucking either of those at its centre, a musi- 
cal note is obtained, which many of you recognise as the 
octave of the fundamental note. Now, in all cases, and 
with all instruments, the octave of a note is produced by 
doubling the number of its vibrations. It can, moreover, 
be proved, both by theory and by the syren, that this half 
string vibrates with exactly twice the rapidity of the whole. 
In the same way it can be proved that one-third of the 
string vibrates with three times the rapidity, producing a 
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note a fifth above the octave, while one-fourth of the 
string vibrates with four times the rapidity, producing the 
double octave of the whole string. In general terms, 
the number of vibrations is inversely proportional to 
the length of the string. 

Again, the more tightly a string is stretched the more 
rapid is its vibration. I cause this comparatively slack 
string to vibrate, and you hear its low fundamental note. 
By turning a peg, round which one end of it is coiled, I 
tighten the string ; the pitch is now higher. Taking hold 
with my left hand of the weight w, attached to the v^ire 
B b' of our sonometer, and plucking the wire with the fingers 
of my right, I alternately press upon the weight and lift 
it. The quick variations of tension are expressed by this 
varpng wailing tone. Now, the number of vibrations 
executed in the unit of time bears a definite relation to 
the stretching force. Applying di^erent weights to the end 
of the wire b b', and determining in each case the number 
of vibrations executed in a second, we find the numbers 
thus obtained to be proportional to the square roots of the 
stretching weights. A string, for example, stretched by 
a weight of 1 lb. executes a certain number of vibrations 
per second ; if we wish to double this number, we must 
stretch it by a weight of 4 lbs. ; if we wish to treble the 
number, we must apply a weight of 9 lbs., and so on. 

The vibrations of a string also depend upon its thickness; 
preserving the stretching weight, the length, and the 
material of the string constant, the number of vibrations 
varies inversely as the thickness of the string. If, therefore, 
of two strings of the same material, equally long and equally 
stretched, the one has twice the diameter of the other, the 
thinner string will execute double the number of vibrations 
of its fellow in the same time. If one string be three 
times as thick as another, the latter will execute three 
times the number of vibrations, and so on. 

Finally, the vibrations of a string depend upon the den- 
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sity of the matter of which it is composed. A platinum 
wire and an iron wire, for example, of the same length and 
thickness, stretched by the same weight, will not vibrate 
with the same rapidity. For while the specific gravity of 
iron, or in other words its density, is 7*8, that of platinum 
is 21-5. All other conditions remaining the same, the 
number of vihratioiia is inversely proportional to the 
square root of the density of the string. If the density of 
one string, therefore, be one-fourth that of another of the 
same length, thickness, and tension, it will execute its vi- 
brations twice as rapidly ; if its density be one-ninth that 
of the other, it will vibrate with three times the rapidity, 
and so on. The two last laws, taken together, may be 
expressed thus : — The number of vibrations is inversely 
proportional to the square root of the weight of the string. 

In the violin and other stringed instruments we avail 
ourselves of thickness instead of length to obtain the deeper 
tones. In the piano we not only augment the thickness of 
the wires intended to produce the bass notes, but we 
load them by coiling round them an extraneous substance. 
They resemble horses heavily jockeyed, and move more 
slowly on account of the greater weight imposed upon the 
force of tension. 

These, then, are the four laws which regulate the trans- 
verse vibrations of strings. We now turn to certain allied 
phenomena, which, though they involve mechanical con- 
siderations of a rather complicated kind, may be completely 
mastered by an average amount of attention. And they 
TTiust be mastered if we would thoroughly comprehend the 
philosophy of stringed instruments. 

From the ceiling c, fig. 32, of this room hangs an india- 
rubber tube 28 feet long. I have filled the tube with 
sand to render its motions slow and more easily followed 
by the eye. I take hold of its free end a, stretch the tube 
a little, and by properly timing my impulses cause it to 
swing to and fro as a whole, as shown in the figure. It 
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Fig. 32. 



Fig. 33. 






has its definite time of vibration dependent on its length, 
weight, thickness and tension, and my impulses must 
synchronise with that time. 

I stop the motion, and now by a sudden jerk I raise a 
hump upon the tube, which runs along it as a pulse to- 
wards its fixed end, where the 

hump reverses itself, and runs 

back to my hand. At the fixed 

end of the tube, according to 

the law of reflection, the pulse 

reversed both its position and 

the direction of its motion. 

Supposing c, fig. 33, to be 

the fixed end of the tube, and 

a the end held in the hand ; if 

the pulse on reaching c have 

the position shown in (1), after 

reflection it will have the posi- 
tion shown in (2). The arrows 

mark the direction of progres- 
sion. The time required for 

the pulse to pass from my 

hand to the fixed end and 

back, is exactly that required 

to accomplish one complete 

vibration of the tube as a 

whole. It is indeed the ad- 
dition of such pulses which 

causes the tube to continue to 

vibrate as a whole. 

If, instead of imparting a 

single jerk to the end of the 
tube, I impart a succession of jerks, thereby sending a 
series of pulses along the tube, every one of them will be 
reflected above, and we have now to enquire how the direct 
and reflected undulations behave towards each other. 
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Fig. 34. 



I start a pulse along the tube. Let the time required 
for it to pass from my hand to the fixed end be one 
second ; at the end of half a second it occupies the 
position a 6 (1), fig. 34, its foremost point having reached 
the middle of the tube. At the end of a whole second 
it would have the position b c (2), its foremost point 

having reached the fixed end c of 
the tube. At the moment when 
reflection begins at c, let an- 
other jerk be imparted at a; 
the reflected pulse from c mov- 
ing with the same velocity as 
this direct one from a, the fore- 
most points of both will arrive 
at the centre 6 (3) at the same 
moment. What must occur? 
The hump a b wishes to move 
on to c, and to do so must move 
the point 6 to the right. The 
hump c b wishes to move towards 
a, and to do so must move the 
point b to the left. The point 6, 
urged by equal forces in two oppo- 
site directions at the same time, 
will not move in either direction. 
Under these circumstances, the 
two halves a 6, 6 c of the tube 
will oscillate as if they were 
independent of each other (4). 
Thus by the combination of two 
progressive pulsesy the one direct 
and the other reflected, we produce two stationary pulses 
on the tube a c. 

The vibrating parts a b and b c are called ventral seg- 
ments ; the point of no vibration 6 is called a node. 



(1) 
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I use the term * pulse ' here advisedly, lest I should 
introduce confusion into your thoughts by the employ- 
ment of the more usual term wave. For a wave embraces 
two of these pulses. It embraces both the hump and the 
depression which follows the hump. The length of a wave 
therefore, is twice that of a ventral segment. 

Eio. 35. 



a 

(1) 



(2) 




(3) (4) (6) (6) 



(7) 



Supposing the jerks to be so timed as to cause each hump 
to be one-third of the tube's length. At the end of one-third 
of a second from starting the pulse will be in the position 
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a 6 (1), fig. 35. In two-thirds of a second it will have 
reached the position b V (2), fig. 35. At this moment let a 
new pulse be started at a; after the lapse of an entire 
second from the commencement we shall have two humps 
upon the tube, one occupying the position a b (3), the other 
the position 6' c (3). It is here manifest that the end of 
the reflected pulse from c, and the end of the direct one 
from a, will reach the point 6' at the same moment. We 
shall therefore have the state of things represented in (4), 
where 6 6' wishes to move upwards, and c6' to move 
downwards. The action of both upon the point 6' 
being in opposite directions, that point will remain fixed, 
and from it^ as if it were a fixed point, the pulse b 6' 
will appear to be reflected^ while the segment V c will 
oscillate as an independent string. Supposing that at 
the moment b b' (4) begins to be reflected at 6', we 
start another pulse from a, it will reach b (5) at the 
same moment the pulse reflected from V reaches it. 
The pulses will neutralise each other at 6, and we shall 
have there a second node. Thus, by properly timing our 
jerks, we divide the rope into three ventral segments, 
separated from each other by two nodal points. As long 
as the agitation continues the tube will vibrate as in (6).* 
There is no theoretic limit to the number of nodes 
and ventral segments that may be thus produced. By 
quickening the impulses, I divide the tube into four ventral 

* If, instead of moving the hand to and fro, it be caused to describe a 
small circle, the ventral segments become surfaces of revolution. Instead 
of the hand we may employ a hook turned by a wheel, or whirling table, and 
a string of catgut 10 or 12 feet long, with silvered beads strung along it, as 
a vibrating chord. Attaching one end of the string to the hook, the other 
end to a freely moving swivel connected with a fixed stand, on turning the 
wheel and properly regulating both the tension and the rapidity of rota- 
tion, the beaded chord may be caused to rotate as a whole, and to divide 
itself successively into 2, 8, 4, or 6 ventral segments. When the whole 
chord is enveloped in a cylinder of light from the electric lamp every bead 
describes a brilliant circle, and a very splendid experiment is the result. 
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segments separated by three nodes; here again I have 
five ventral segments and four nodes. With this parti- 
cular tiibe the hand may be caused to vibrate suflS- 
ciently quickly to produce ten ventral segments, as shown 
in fig. 35 (7). When the stretching force is constant, 
the 'number of ventral segments is proportional to the 
rapidity of the hand's vibration. To produce 2, 3, 4, 10 
ventral segments, requires twice, three times, four times, 
ten times the rapidity of vibration necessary to make 
the tube swing as a whole. When the vibration is 
very rapid, the ventral segments appear like a series 
of shadowy spiadles, separated from each other by dark 
motionless nodes. The experiment is a beautiful one, and 
easily performed. 

It is quite plain, that any other oscillating body whose 
vibrations are of suflScient power, and whose periods are 
of the proper kind, may be substituted for the hand. 
Fixing, for example, one end of a tolerably heavy rod in a 
vice, or, better still, screwing one end into an anvil or other 
heavy block, and attaxjhing to the free end of the rod the 
end of our india-rubber tube ; by varying the length of 
the rod its vibrations may be caused to synchronise with 
the various vibrations of the tube, and thus the latter may 
be caused to swing as a whole, or to divide itself into any 
number of oscillating parts. 

The subject of stationary waves was first experimentally 
treated by the Messrs. Weber, in their excellent researches 
on Wave-motion. It is a subject which will well repay 
your attention by rendering many of the most diflScult 
phenomena of musical strings perfectly intelligible to you. 
To make the connexion of both classes of vibrations more 
obvious, I will vary our last experiments. Before you is a 
piece of india-rubber tubing, 10 or 12 feet long, stretched 
from a to o, fig. 36, and made fast to two pins at c and a. 
The tube is blackened, and behind it is placed a surface of 

H 
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white paper, to render its motions more visible. I first 
encircle the tube at its centre b (1) by the thumb and fore- 
finger of my left hand, and taking the middle of the lower 
half 6 a of the tube in my right, I pluck it aside. Not 



Fio. 36. 




(1) (2) (3) (4) (5) (6) . 

only does the lower half swing, but the upper half also is 
thrown into vibration . With drawing my hands wb oily from 
the tube, its two halves a h and 6 c continue to vibrate^ 
being separated from each other by a node at the centre (2). 
I now encircle the tube at a point 6 (3) one-third of 
its length from its lower end a, and taking hold of a 6 at 
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its centre, I pluck it aside ; the length b c above my hand 
instantly divides into two vibrating segments. Withdraw- 
ing my hands wholly, you see the entire tube divided 
into three ventral segments, separated from each other 
by two motionless nodes b 6' (4). I pass on to the point 
b (5), which marks oflf one-fourth of the length of the 
tube, encircle it, and pluck the shorter segment aside; 
The longer segment above my hand divides itself im- 
mediately into three vibrating parts. So that, on with- 
drawing my hand, the whole tube appears before you 
divided into four ventral segments, separated from each 
other by three nodes b 6' 6" (6). In precisely the same 
way I divide the tube into five vibrating segments with 
four nodes. 

This* sudden division of the long upper segment of the 
tube, without any apparent cause, is very surprising; but if 
you grant me your attention for a moment, you will find 
that these experiments are essentially similar to those 
which illustrated the coalescence of direct and reflected 
undulations. Eeverting for a moment to the latter experi- 
ments, you observed that the to-and-fro motion of my 
hand through the space of a single inch, was sufficient 
to make the middle points of the ventral segments vibrate 
through the space of a foot or eighteen inches. By being 
properly timed the impulses accumulated, until the am- 
plitude of the vibrating segments exceeded immensely 
that of the hand which produced them. My hand, in fact, 
constituted a nodal point, so small was its comparative 
motion. Indeed, it is usual, and correct, to regard the 
ends of the tube also as nodal points. 

Consider now the case represented in (1) fig. 36, where 
the tube was encircled at its middle, the lower segment 
a b being thrown into the vibration corresponding to its 
length and tension. The circle formed by my finger and 
thuuib permitted the tube to oscillate at the point b 
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through the space of an inch ; and the vibrations at that 
point acted upon the upper half b c exactly as my hand 
acted when it caused the tube suspended from the ceiling 
to swiug as a whole, as in fig. 32. Instead of the timed 
vibrations of niy hand, we have now the timed vibrations of 
the lower half of the tube ; and these, though narrowed to 
an inch at the place clasped, by my finger and thumb, soon 
accumulate, and finally produce an amplitude far exceeding 
their own. The same reasoning applies to all the other 
cases of subdivision. If instead of encircling a point by 
the finger and thumb and plucking the portion of the tube 
below it aside, that same point were taken hold of by 
the hand and agitated in the period proper to the lower 
segment of the tube, precisely the same effect would be 
produced. We thus reduce both effects to one and the 
same cause ; namely, the combination of direct and re- 
flected undulations. 

And here, let me add, that when I divided the tube by 
the timed impulses of my hand, not one of its nodes was, 
strictly speaking, a point of no motion ; for were the nodes 
not capable of vibratiug through a very small amplitude, 
the motion of the various segments of the tube could not be 
maintained. 

What is true of the undulations of an india-rubber 
tube applies to all undulations whatsoever. Water-waves, 
for example, obey the same laws, and by the coalescence of 
direct and reflected waves exhibit similar phenomena. I 
have here a long and narrow vessel with glass sides : a copy, 
in fact, of the wave canal of the brothers Weber. It is filled 
to the level a b, fig. 37, with coloured water. By tilting the 
end A, suddenly, I generate a wave, which moves on to B,and 
is there reflected. By sending forth fresh waves at the proper 
intervals, I divide the surface into two stationary undula- 
tions. Making the succession of impulses more rapid I can 
subdivide the surface into three, four (shown in the figure), 
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or more stationary undulations, separated from each other 
by nodes. The step of a water-carrier is sometimes so 
timed as to throw the surface of the water in his vessel 
into stationary waves, which may augment in height until 
the water splashes over the brim. Practice has taught 
the water-carrier what to do ; he changes his step, alters 
the period of his impulses, and thus stops the accumulation 
of the motion.* 

Fio. 37. 



Let me now pass on from these gross,* but not unbeau- 
tiful mechanical vibrations, to those of a sounding string. 
Here is our monochord with its steel wire, various lengths 
of which have been already sounded before you. In those 
experiments when I wished to shorten the wire I em- 
ployed a movable bridge, pressing the wire against the 
bridge so as to deprive the point pressed of all possibility 
of motion. This strong pressure, however, is not necessary. 
I place the feather end of a goose-quill lightly against 

♦ In travelling recently in the eoup^ of a French railway carriage I had 
occasion to place a bottle half filled with water on one of the little coup6 
tables. It was interesting to observe it. At times it would be quite still ; 
at times it would oscillate violently. To the passenger within the carriage 
there was no change in the motion to which the difference could be ascribed. 
But the fact is that in the one case the tremor of the carriage contained 
no vibrations synchronous with the oscillating period of the water, while 
in the second case such vibrations were present. Out of the confused 
assemblage of tremors the water selected the particular constituent which 
belonged to itself, and declared its presence when the traveller was utterly 
unconscious of its introduction. 

In a subsequent lecture I shall have occasion to speak of the dancing of 
flames in the carriages of the Metropolitan Railway in response to syn- 
chronous vibrations. 
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the middle of the string, and theh draw a violin bow 
over one of ite halves ; the string yields the octave of the 
note yielded by the whole string. The mere damping 
of the string at the centre, by the light touch of the 
feather, is suflBcient to cause the string to divide into two 
vibrating segments. Nor is it necessary that I should 
hold the feather there throughout the experiment : after 
having drawn the bow, I may remove the feather ; the 
string will continue to vibrate, emitting the same note 
as before. We have here a case exactly analogous to 
that in which I damped the central point of our stretched 
india-rubber tube, by encircling it with my finger and 
thumb as in fig. 36 (1). Not only did the half which I 
pi ucked aside vibrate, but the upper half vibrated also. We 
can, in fact, reproduce, with the vibrating string, every 
efifect obtained with the tube. This, however, is a point 
of such importance that I must not neglect to illustrate 
it experimentally. 

To prove to you that when I damp the centre, and 
draw my bow across one of the halves of the string, the 
other half vibrates, I place across the middle of the 

Fig. 38. 




untouched half a little rider of red paper. I damp the 
centre and draw the bow, the string shivers, and the rider 
is overthrown, fig. 38. 
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I now damp the string at a point which Cuts ofiF one- 
third of its length, and then draw the bow across the 
shorter section. Not only is this section thereby thrown 
into vibration, but the longer section divides itself into 
two ventral segments with a node between them* I 

Fig. 39. 




prove this by placing small -riders of red paper on the 
ventral segments, and a rider of blue paper at the node. 
Passing the bow across the short segment you observe 
a fluttering of the red riders, and now they are comjdetely 
tossed oflf, while the blue rider which crosses the node 
is undisturbed, fig. 39. 

Again, I damp the string at the end of one-fourth of 
its length, and now affirm that when the bow is drawn 

Fig. 40. 




across the shorter section, the remaining three-fourths 
will divide themsekes into three ventral segments, with 
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two nodes between them. I prove my assertion by 
unhorsing the three riders placed astride the ventral 
segments, while the two at the nodes keep their places 
undisturbed, fig. 40. 

Finally, I damp the string at the end of one-fifth of its 
length. Arranging, as before, the red riders on the ventral 
segments and the blue ones on the nodes; by a single 
sweep of the bow T imhorse the four red riders, and 
leave the three blue ones undisturbed, fig. 41. In this 
way we perform with a sounding string the same series 
of experiments that were formerly executed with a 



stretched india-rubber tube, the results in both cases 
being identical.* 

To make this identity still more evident to you, I have 
stretched behind the table from side to side of the room 
a stout steel wire 28 feet in length. I take the central 
point of this wire between my finger and thumb, and allow 
my assistant to pull one-half of it aside, and then suddenly 
liberate it. It vibrates, and the vibrations transmitted to 



* Chladni remarks {Akttstik, p. 55) that it is usual to ascribe to Sanveur 
the discovery, in 1701, of the modes of vibration corresponding to the higher 
tones of string^ ; but that Noble and Pigott had made the discovery in 
Oxford in 1676,. and that Sauveur declined the honour of the discovery 
when he found that others had made the observation before him. 
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the other half are suflSciently powerful to toss into the air 
a large sheet of paper placed astride the wire. With this 
long wire, and with riders not of one-eighth of a square 
inch, but of 30, 40, or 50 square inches in area, I repeat 
all the experiments which you have witnessed with the 
musical string. The sheets of paper placed across the 
nodes remain always in their places, while those placed 
astride the ventral segments are tossed simultaneously 
into the air when the shorter segment of the wire 
is set in vibration. In this case, when close to it, you can 
actually see the division of the wire. 

It will not fail to interest you if I now introduce to 
your notice some recent experiments with vibrating 
strings, which appeal to the eye with a beauty and a 
delicacy far surpassing anything attainable with our sono- 
meter. To M. Melde, of Marburg, we are indebt^ for 
this new method of exhibiting the vibrations of strings. 
I will perform his experiments on such a scale, and 
with such variations and modifications as our circum- 
stances here suggest to us. 

First, then, observe that I have here a large tuning-fork, 
T, fig. 42, with a small screw fixed into the top of one of its 




prongs, by which this silk string can be firmly attached to 
the prong. From the fork the string passes round a distant 
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peg P, by turning which it may be stretched to any 
required extent* I draw my bow across the fork ; an ir- 
. regular flutter of the string is the only result But I now 
tighten it, and at length, by adjusting the tension, cause it 
to expand into a beautiful gauzy spindle, more than six 
inches across at its widest part, and shining with a kind of 
pearly lustre. The stretching force at the present moment 
is such that the string swings to and fro as a whole, its 
vibrations being executed in a vertical plane. 

I now relax the string, and when the proper tension 
has been reached, it suddenly divides into two ventral 
segments, separated from each other by a sharply-defined 
and apparently motionless node. 

While the fork continues vibrating, I relax it still fur- 
ther; the string now divides into three vibrating parts. 
Slackening it still more, it divides into four vibrating parts. 
And thus I might continue to subdivide the string into ten, 
or even twenty ventral segments, separated from each other 
by the appropriate number of nodes. 

When whit/C silk strings vibrate thus, their beauty is 
extreme. The nodes appear perfectly fixed, while the 
ventral segments form spindles so delicate, that they seem 
woven from opalescent air; every protuberance of the 
twisted string, moreover, writes its motion in a more or 
less luminous line on the surface of the aerial gauze. 
The four modes of vibration just illustrated are repre- 
sented in fig. 43, 1, 2, 3, 4.* 



♦ The first experiment really made in the lecture was with a bar of 
steel 62 inches long, 1^ inch wide, and ^an inch thick, bent into the shape 
of a tuning-fork, with its prongs 2 inches apart, and supported on a heavy 
stand. The chord attached to it was 9 feet long and a quarter of an inch 
thick. The prongs were thrown into Tibration by striking them briskly 
with two pieces of le^id covered with pads and held one in each hand. The 
prongs vibrated transversely to the chord. The vibrations produced by a 
single stroke were sufficient to carry the chord through several of its sub- 
divisions and back to a single ventral segment. That is to say, by striking 
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WTien the synchronism is perfect, the vibrations of the 
string are steady and long-continued. A slight departure 
from synchronism, however, introduces unsteadiness, and 
the ventral segments, though they may show themselves 
for a time, quickly disappear. 

Fig. 43. 




In the arrangement now before you, fig. 42, the fork 
vibrates in the direction of the length of the string. Every 
forward stroke of the fork raises a protuberance, which 
runs to the fixed end of the string, and is there reflected ; 
so that when the longitudinal impulses are properly 
timed, they produce a transverse vibration. For the sake 
of illustration, I attach one end of a heavy chord or chain 

the prongs and causing the chord to vibrate as a whole, it could, by re- 
laxing the tension, be caused to divide into two, three, or four vibrating 
segments ; and then, by increasing the tension, to pass back through four, 
three, and two divisions, to one, without renewing the agitation of the prongs. 
The chord was of such a character, that instead of oscillating to and fro in 
the same plane, each of its points described a circle. The ventral seg- 
ments, therefore, instead of being flat surfaces were surfaces of revolution, 
and were equally well seen from all parts of the room. The timing- 
forks employed in the subsequent illustrations were prepared for me by 
that excellent acoustic mechanician Konig, of Paris, being such as are usually 
employed in the projection of Lisst^ou's experiments. 
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to a hook. A, fig. 44, fixed in the wall, and laying hold of the 
other end with my hand, stretch the chord horizontally. I 
then move my hand to and fro in the direction of the chord. 
It swings as a whole, and you may notice that always, when 
the chord is at the limit of its swing, my hand is in its 
most forward position. If it vibrate in a vertical plane, 
my hand, in order to time the impulses properly, must be 
at its forward limit at the moment the chord reaches the 
upper boundary, and also at the moment it reaches the 
lower boundary of its excursion. A little reflection will 
make it plain that, in order to accomplish this, my hand 
must execute a complete vibration while the chord executes 
a semi-vibration ; in other words, the vibrations of my 
hand must be twice as rapid as those of the chord. 

Fro. 44. 



Precisely the same is true of our tuning-fork. When 
the fork vibrates in the direction of the string, the 
number of complete vibrations which it executes in a 
certain time is twice the number executed by the string 
itself. And if, while arranged thus, a fork and string 
vibrate with suflScient rapidity to produce musical notes, 
the note of the fork will be an octave above that of 
the string. 

But if instead of moving my hand to and fro in the 
direction of this heavy chord, I move it at right angles to 
that direction, then every upward movement of my hand 
coincides with an upward movement of the chord ; every 
downward movement of my hand with a downward move- 
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ment of the chord. In fact, the vibrations of hand and 
string, in this case, synchronise perfectly ; and if the hand 
could emit a musical note, the chord would emit a note of 
the same pitch. The same holds good when a vibrating 
fork is substituted for the vibrating hand. 

Hence, if the string vibrate as a whole when the vibra- 
tions of the fork are along it, it will divide into two ven- 
tral segments when the vibrations are across it ; or, more 
generally expressed, preserving the tension constant, what- 
ever be the number of ventral segments produced by the 
fork when its vibrations are in the direction of the string, 
twice that number will be produced when the vibrations are 
transverse to the string. Here, for example, is a string 
A B, figs. 45 and 46, passing over a pulley b, and stretched 
by a definite weight (not shown in the figure). When the 
tuning-fork vibrates along it, as in fig. 45, the string 

Fig. 45. 




divides into two equal ventral segments. I turn the fork 
so that it shall vibrate at right angles to the string. The 
number of ventral segments is now foiu*, fig. 46, or double 
the former number. Attaching two strings of the same 



Fig. 46. 




length to the same fork, the one parallel and the other per- 
pendicular to the direction of vibration, and stretching both 
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with equal weights ; when the fork is caused to vibrate, one 
of them divides itself into twice the number of ventral 
segments exhibited by the other. 

A number of exquisite effects may be obtained with 
these vibrating chords. The path described by any point 
of any one of them may be studied, after the manner of 
Dr. Young, by illuminating that point, and watching the 
line of light which it describes. This is well illustrated by 
a flat burnished silver wire, twisted so as to form a spiral 
surface, from which, at regular intervals, the light flashes 
when the wire is illuminated. Attached to a proper tuning- 
fork, and illuminated by the electric light, such a wire 
now steadily vibrates before you, its luminous spots de-^ 
scribing straight lines of sunlike brilliancy. I now slacken 
the wire, but not so much as to produce its next higher 
subdivision. Upon the general motion of the wire we have 
noW superposed a host of minor motions, the combination 
of all producing scrolls of marvellous complication and of 
indescribable splendour.* 

In reflecting on the best means of rendering these 
beautiful effects visible to a large audience, the thought 
occurred to me of employing a fine platinum wire heated 
to redness by an electric current. Such a wire now 
stretches from this tuning-fork over a bridge of copper, 
and then passes round a peg. The copper bridge on the 
one hand, and the tuning-fork on the other, are the 
poles of a voltaic battery, from which a current passes 
through the wire and causes it to glow. I draw my bow 
across the fork ; the wire vibrates as a whole : its two ends 
are brilliant, while its middle is dark, being chilled by its 
rapid passage through the air. Thus you have a shading 
off of incandescence from the ends to the centre of the 

* I make no attempt to represent these beautiful effects by figures. The 
rapid rippling of the scrolls from one form of beauty to another cannot be 
rendered. 
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wire. I relax the tension, the wire now divides itself intO) 
two ventral segments; I relax still further, and obtain three ;. 
still further, and now you have the wire divided into four 
ventral segments, separated from each other by these three 
brilliant nodes. Eight and left from every node the in- 
candescence shades away until it disappears. You notice 
also when the wire settles into steady vibration, that the 
nodes shine out with greater brilliancy than did the wire 
before the vibration commenced. The reason is this. 
Electricity passes more freely along a cold wire than along 
a hot one. When, therefore, the vibrating segments are 
chilled by their swift passage through the air, their con- 
ductivity is improved, more electricity passes through the 
vibrating than through the motionless wire, and hence 
the augmented glow of the nodes. If, previous to the 
agitation of the fork, the wire be at a bright red heat, 
when it vibrates its nodes are raised to the temperature 
of fusion. 

I shall 'now rapidly extend the experiments of M. Melde 
to the establishment of all the laws of vibrating strings. I 
have here four tuning-forks, a, 6, c, d, whose rates of vibra- 
tion are to each other as the numbers 1, 2, 4, 8. Attaching a 
string to the largest fork, a, I stretch it by a weight, which 
causes it to vibrate as a whole. Keeping the stretching 
weight the same, I determine the lengths of the same 
string, which, when attached to the other three forks, b, c, 
d, swing as a whole. The lengths in the four respective 
cases are as the numbers 8, 4, 2, 1. 

From this follows the first law of vibration, which we 
have already established in another way, viz. : — the length 

A string steeppd in a solution of the sulphate of quinine, and illumi- 
nated by the violet rays of the electric lamp, exhibits brilliant fluorescence. 
When the fork to which it is attached vibrates, the string divides itself into 
a series of spindles, and separated from each other by more intensely 
luminous nodes, emitting a light of the most delicate greenish-blue. 
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of the string is inversely proportional to the rapidity 
of vibration. 

In this case the longest string vibrates as a whole when 
attached to the fork a. I now transfer it to 6, still keeping 
it stretched by the same weight. It vibrates when 6 
vibrates ; but how ? By dividing into two equal ventral 
segments. In this way alone can it accommodate itself 
to the swifter vibrating period of 6. Attached to c, the 
same string separates into four, while when attached to d 
it divides into eight ventral segments. The number of the 
ventral segments is proportional to the rapidity of vibra- 
tion. It is evident that we have here, in a more delicate 
form, a result which we have already established in the 
case of our india-rubber tube set in motion by the hand. 
It is also plain that this result might be deduced theo- 
retically from our first law. 

We may extend the experiment. Here are two tuning- 
forks separated from each other by the musical interval 
called a fifth. Attaching a string to one of the forks, I 
stretch the string until it divides into two ventral seg- 
ments; attached to the other fork, and stretched with 
the same weight, it divides instantly into three segments 
when the fork is set in vibration. Now to form the 
interval of a fifth, the vibrations of the one fork must be 
to those of the other in the ratio of 2:3. The division 
of the string, therefore, declares the interval. Here also 
are two forks separated by an interval of a fourth. With 
a certain tension one of the forks divides our string into 
three ventral segments ; with the same tension the other 
fork divides it into four, which two numbers express the 
ratio of the vibrations. In the same way the division of 
the string in relation to all other musical intervals may be 
illustrated.* 

* The subject of musical intervals will be treated in a subsequent lecture. 
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Again. Here are two tuning-forks, a and 6, one of 
which (a) vibrates twice as rapidly as the other. I attach 
this string of silk to a, stretching the string until it 
synchronises with the fork, and vibrates as a whole. I 
now form a second string of the same length, by laying 
four strands of the first side by side. I attach this com- 
pound thread to 6, and keeping the tension the same 
as in the last experiment, set b in vibration. The com- 
pound thread synchronises with 6, and swings as a whole. 
Hence, as the fork 6 vibrates with half the rapidity of a, by 
quadrupling the weight of the string, I halved its rapidity 
of vibration. In the same simple way it might be proved 
that by augmenting the weight of the string nine times 
we reduce the number of its vibrations to one-third. We 
thus demonstrate the law : — 

The rapidity of vibration is inversely proportional to 
the square root of the weight of the string. 

A beautiful confirmation of this result is thus obtained: 
— Attached to this tuning-fork is a silk string six feet 
long. Two feet of the string are composed of four strands 
of the single thread, placed side by side, the remaining 
four feet are a single thread. I apply a stretching force, 
which causes the string to divide into two ventral segments. 
But how does it divide ? Not at its centre, as is the case 
when the string is of uniform thickness throughout, but 
at the point where the thick string terminates. This 
thick segment, two feet long, is now vibrating at the 
same rate as the thin segment four feet long, a result 
which follows by direct deduction from the two laws 
already established. The result therefore reacts as a 
corroboration of these laws. I need hardly say that if 
the lengths were in any other ratio than 1 : 2, the node 
would not be formed at the point of junction of the two 
strings. 

Here again are two* strings of the same length and 

I 
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thickness. One of them is attached to the fork 6, the 
other to the fork a, which vibrates with twice the rapidity 
of 6. Stretched by a weight of 20 grains, the string 
attached to 6 vibrates as a whole. Substituting the fork 
a for 6, a weight of 80 grains causes the string to 
vibrate as a whole. Hence to double the rapidity of 
vibration, we must quadruple the stretching weight. In 
the same way it might be proved, that to treble the rapidity 
of vibration, we should have to make the stretching weight 
nine-fold. Hence our third law : — 

The rapidity of vibration is proportional to the square 
root of the tension. 

Let me vary this experiment. I carry this silk chord 
from the timing-fork over the pulley, and stretch it by a 
weight of 80 grains. The string vibrates as a whole as 
at A, fig. 47. By diminishing the weight I relax the 
string, which finally divides sharply into two ventral 
segments, as at b. What is now the stretching weight ? 
20 grains, or one-fourth of the first. With a stretching 
weight of almost exactly 9 grains it divides into three 
segment^, as at c; while with a stretching weight of 
5 grains it divides into four segments, as at n. Thus, 
then, a tension of one-fourth doubles, a tension of one- 
ninth trebles, and a tension of one-sixteenth quadruples 
the number of ventral segments. In general terms, the 
number of segments is inversely proportional to the square 
root of the tension. This result may be deduced by 
reasoning from our first and third laws, and its realisation 
here confirms their correctness. 

Finally, here are three wires of the same length and 
thickness, but of very diflferent densities ; one of them is 
of the light metal aluminium, another of silver, and 
another of the heavy metal platinum. I attach the wires 
in succession to this tuning-fork, and determine the weights 
necessary to cause them to vibrate as a whole, or to form 
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the same number of ventral segments. The specific gravities, 
or densities, of the wires I find to be directly proportional 
to the stretching weights. But, other things being equal, 
the rapidity of vibration has been proved to be inversely 
proportional to the square roots of the stretching weights. 
Hence follows our fourth law, viz. : — 

Fig. 47. 




20 grains. 



B 
Sgrains. 



C 

5 grains. 



The rapidity of vibration of different wires of the 
same length and thickness is inversely proportional to the 
square roots of their densities. 

It is evident that by means of a tuning-fork the 

I n 
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specific gravities of all metals capable of being drawn into 
wires of sufficient fineness and tenacity may be determined.* 
Thus, by a series of reasonings and experiments totally 
diflferent from those formerly employed, we arrive at 
the self-same laws. In science different lines of reason* 
ing often abut upon the same truth; and if we only 
follow them faithfully, we are sure to reach that truth 
at last. We may emerge, and often do emerge, from our 
reasoning with a contradiction in our hands, but on re- 
tracing our steps we infallibly find the cause of the con- 
tradiction to be due not to any lack of constancy in nature, 
but of accuracy in man. It is the millions of experiences 
of this kind which science furnishes that give us our present 
faith in the stability of nature. 



HARMONIC SOUNDS OR OVERTONES. 

We now approach a portion of our subject which will 
subsequently prove to be of the very highest importance. 
It has been shown by the most varied experiments 
that a stretched string can either vibrate as a whole, or 
divide itself into a number of equal parts, each of which 
vibrates as an independent string. Now it is not possible 
to sound the string as a whole without at the same time 
causing, to a greater or less extent, its subdivision ; that 
is to say, superposed upon the vibrations of the whole 
string we have always, in a greater or less degree, the 
vibrations of its aliquot parts. The higher notes produced 
by these latter vibrations are called the harmonics of the 

* By the choice of suitable strings and tnning-forks, all the effects here 
described may be rendered visible to an audience of a thousand persons. 
The visibility is heightened by illuminating the vibrating strings with the 
electric light They may be either looked at directly, in which way their 
beauty is best seen, or their shadows may be cast upon a white surface. In 
this way the division of thin short strings may be rendered visible. 
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string. And so it is witii other sounding bodies ; we have 
in all cases a coexistence of vibrations. Higher tones 
mingle with the fundamental one, and it is their inter- 
mixture which determines what, for want of a better 
term, we call the quality of the sound. The French call 
it timbre, and the Germans call it Klarigfarbe.* It is this 
union of high and low tones that enables us to distinguish 
one musical instrument from another. A clarionet and a 
violin, for example, though tuned to the same fundamental 
note, are not confounded ; . the auxiliary tones of the one 
are different from those of the others, and these latter tones, 
uniting themselves to the fundamental tones of the two 
instruments, destroy the identity of the sounds. It is a 
case of adding unequals to equals ; the sums are unequal. 
All bodies and instruments, then, employed for producing 
musical sounds emit, besides their fundamental tones, tones 
due to higher orders of vibration. The Germans embrace 
all such sounds under the general term Obertone. I think 
it will be an advantage if we, in England, adopt the term 
overtones as the equivalent of the term employed in 
Germany. One has occasion to envy the power of the 
German language to adapt itself to requirements of this 
nature. The t«rm Klangfarbey for example, employed 
by Helmholtz is exceedingly expressive ; and we need its 
equivalent also. You know that colour depends upon 
rapidity of vibration, that blue light bears to red the same 
relation that a high tone does to a low one. A simple 
colour has but one rate o^ vibration, and it may be regarded 
as the analogue of a simple tone in music. A tone, then, 
maybe defined as the product of a vibration which cannot 
be decomposed into more simple ones. A compound 
colour, on the contrary, is produced by the admixture of 
two or more simple ones, and an assemblage of tones, such 

* * This quality of sound, sometimes called its register colour or timbre.' 
— ^Thomas Young, Essff?/ em Music, 



118 LECTURE III. 

as we obtain when the fundamental tone and the harmonics 
of a string sound together, is called by the Germans a 
Klang. May we not employ the English word clang to 
denote the same thing, and thus give the term a precise 
scientific meaning akin to its popular one ? And may we 
not, like Helmholtz, add the word colour or tint, to denote 
the character of the clang, using the term clang-tint as 
the equivalent of Klangfarbe ? 

With your permission I shall henceforth employ these 
terms; and now it becomes our duty to look a little 
more closely than we have hitherto done into the sub- 
division of a string into its harmonic segments. Our 
monochord with its stretched wire is before you. The 
scale of the instrument is divided into 100 equal parts. 
At the middle point of our wire stands the number 50 ; at 
a point almost exactly one-third of its length from its 
end stands the number 33 ; while at distances equal to 
one-fourth and one-fifth of its. length^ from its end, 
stand the numbers 25 and 20 respectively. These num- 
bers are sufficient for our present purpose. I pluck the 
wire at 50 ; you hear its clang, rather hollow and dull. 
I pluck it at 33 ; the clang is different. I pluck it at 25 ^ 
the clang is different from either of the former. As I 
retreat from the centre of the string, the clang-tint becomes 
more brilliant, the sound more brisk and sharp. What 
is the reason of these differences in the sound of the same 
wire? 

The celebrated Thomas Young, once professor in this 
Institution, enables us to solve the question. He proved 
that when any point of a string is plucked, all the higher 
tones which require that point for a node vanish from the 
clang. Let me illustrate" this experimentally. I pluck 
the point 50, and permit the string to sound. And now 
I affirm that the first overtone, which corresponds to a 
division of the string into two vibrating parts, is absent 
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from the clang. If it were present the damping of the 
point 50 would not interfere Avith it, for this point would 
be its node. I now damp the point 50 ; the fundamental 
tone is quenched, and no octave of that tone is heard. 
Along with the octave its whole progeny of overtones, 
with rates of vibration four times, six times, eight times 
— all even numbers of times — the rate of the funda- 
mental tone, disappear from the clang. All these tones 
require a node at the centre, where, according to the 
principle of Young, it cannot now be formed. But I now 
pluck some other point, say 25, and damp 50 as before. 
The fundamental tone is gone, but its octave, clear and full, 
rings in your ears. The point 50 in this case, not being 
the one plucked, a node can form there ; it has formed, and 
the two halves of the string continue to vibrate after the 
vibrations of the string as a whole have been extinguished. 
Again I pluck the point 33, and am now sure that the 
second harmonic or overtone is absent from the clang. I 
prove this by damping the point 33. If the second 
harmonic were on the string this damping would not 
aflfect it, for 33 is the node of the harmonic. But no 
tone corresponding to a division of the string into three 
vibrating parts is now heard. The tone is not heard 
because it was never there. 
• All the overtones which depend on this division, those 
with six times, nine times, twelve times the rate of 
vibration of the fundamental one, are also withdrawn from 
the clang. I now pluck 20, and damp 33 as before ; the 
damping in this case does not extinguish the second har- 
monic, which continues to sound clearly and fully after 
the extinction of the fundamental tone. In this case the 
point 33, not being that plucked, a node can form there, 
and the string can divide itself into three parts accordingly. 
In like manner, if I pluck 25 and damp 25 the third 
harmonic is not heard ; but if I pluck a point between 25 
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and the end of the wire, and then damp 25, the third 
harmonic is plainly heard. And thus we might proceed, 
the general rule enunciated by Young, and illustrated by 
these experiments, being that when any point of a string 
is plucked or struck, or, as Helmholtz adds, agitated with 
a bow, the harmonic which requires that point for a node 
vanishes from the general clang of the string. 

All this makes clear to you what a potent influence these 
higher vibrations must have upon the quality of the tone 
emitted by the string. The sounds which ring in your 
ears so plainly after the fundamental tone is quenched, 
mingled with that note before it was extinguished. It 
seems strange that tones of such power could be so masked 
by the fundamental one that even the disciplined ear of a 
musician is unable to separate the one from the other. 
But Helmholtz has made it perfectly clear that this is due 
to want of practice and attention. The musician's faculties 
were never exercised in this direction. There are numerous 
effects which the musician can distinguish, because his 
art demands the habit of distinguishing them. But it is 
no necessity of his art to resolve the clang of an instru- 
ment into its constituent tones. By attention, however, 
even the unaided ear can accomplish this, particularly if 
the mind be informed beforehand what the ear has to bend 
itself to find. 

And this brings to my mind an occurrence which took 
place in this room at the beginning of my acquaintance 
with Mr. Faraday. I wished to show him a peculiar 
action of an electro-magnet upon a crystal. I had every- 
thing arranged, when just before I excited the magnet 
he laid his hand upon my arm and asked, ^ What am I 
to look for ? ' Amid the assemblage of impressions con- 
nected with an experiment, even this prince of experi- 
menters felt the advantage of having his attention directed 
to the special- point in question. And such help is more 
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particularly needful, with an effect so entangled and so 
intimately blended as the composite tones of a clang. One 
way of helping the attention when we desire to isolate 
a particular tone, is to sound that tone feebly on a string 
of its own. The ear having thus made the acquaintance 
of the tone, glides readily from it to the tone of the 
same pitch in a composite clang, and detaches it more 
readily from its companions. In the experiments executed 
a moment ago, where our aim in each respective case 
was to bring out the higher tone of the string in all its 
power, wfe entirely extinguished the fundamental tone. 
We can, however, enfeeble it without destroying it. I 
pluck this string at 33, and lay my feather lightly for a 
moment on the string at 50. I thereby lower the funda- 
mental tone so much, that its octave can make itself 
plainly heard. Again, touching the string at 50, 1 lower 
the fundamental tone still more; so that now its first 
harmonic is more powerful than itself. You hear the 
sound of both, and you might have heard them in the 
first instance by a sufficient stretch of attention. 

The harmonics of a string may be augmented or sub- 
dued within wide limits. They may, as we have seen, be 
masked by the fundamental tone, and they may also effec- 
tually mask it. A stroke with a hard body is favourable, 
while a stroke with a soft body is unfavourable to their 
development. They depend moreover on the promptness 
with which the body striking the string retreats after 
striking. Thus they are influenced by the weight and 
elasticity of the hammers in the pianoforte. They also 
depend upon the place at which the shock is imparted. 
When, for example, a string is struck in the centre, the 
harmonics are less powerful than when it is struck near 
one end. Pianoforte manufacturers have found that the 
most pleasing tone is excited when the point against which 
the hammer strikes is from ^th to ^th of the length of the 
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wire from its extremity. Helmholtz, who is equally eminent 
as a mathematician and as an experimental philosopher, 
has calculated the theoretic intensity of the harmonics 
developed in various ways ; that is to say, the actual via 
viva or energy of the vibration, irrespective of its effects 
upon the ear. A single example given by him will suf- 
fice to illustrate this subject. Calling the intensity of the 
fundamental tone, in each case, 100, that of the second 
harmonic, when the string was simply pulled aside at a 
point ^th of its length from its end, and then liberated, was 
found to be 56*1, or a little better than one-half. * When the 
string was struck with the hammer of a pianoforte, whose 
contact with the string endured for ^ths of the period of 
vibration of the fundamental tone, the intensity of the same 
tone was 9. In this case the second harmonic was nearly 
quenched. When, however, the duration of contact was 
diminished to -j^ths of the period of the fundamental, the 
intensity of the harmonic rose to 357 ; while, when the 
siring was sharply struck with a very hard hammer, the 
intensity mounted to 505, or to more than quintuple that 
of the fundamental tone.* 

But why should pianoforte makers strike the middle 
strings of their instruments at a point from ^th to ^th of 
their lengths from their extremities ? They had no reason 
for doing so, beyond the fact that the striking of this point 
gave their ears the greatest satisfaction. The practice, 
however, is not without a reason. Up to the tones which 
require these points as nodes, as Helmholtz has pointed out, 
the overtones all form chords with the fundamental ; but 
the sixth and eighth overtones of the wire do not enter 
into such chords; they are dissonant tones, and hence 
the desirability of doing away with them. This is accom- 
plished by making the point at which a node is required 

* Lehre von den Tonempfindungen, p. 1 35. 



CUKVES DESCKIBED BY VIBRATING PIANO WIRES. 123 

that on which the hammer falls. The possibility of the 
tone forming is thereby shut out, and its injurious effect 
avoided. 

The sounds of the Eolian harp are produced by the 
division of suitably stretched strings into a greater or less 
number of harmonic parts by a current of air passing over 
them. The instrument is usually placed in a window be- 
tween the sash and frame, so as to leave no way open to 
the entrance of the air except over the strings. Mr. 
Wheatstone recommends, as a good illustration of this 
point, the stretching of a first violin string at the bottom 
of a door which does not closely fit. When the door is 
shut, the current of air entering beneath sets the string in 
vibration, and when a fire is in the room, the vibrations 
are so intense that a great variety of sounds are simul- 
taneously produced.* A gentleman in Basel once con- 
structed with iron wires a large instrument which he 
called the weather-harp or giant-harp, and which, ac- 
cording to its maker, sounded as the weather changed. 
Its sounds were also said to be evoked by changes of 
terrestrial magnetism. Chladni pointed put the error of 
these notions, and reduced the action of the instrument 
to that of the wind upon its strings. 

Finally, with regard to the vibrations of a wire, the 
experiments of Dr. Young, who was the first to employ 
optical methods in such experiments, must be mentioned. 
He allowed a sheet of sunlight to cross a pianoforte wire, 
and obtained thus a brilliant dot. Striking the wire 
he caused it to vibrate, the dot described a luminous 
line like that produced by the whirling of a burning coal 
in the air, and the form of this line revealed the character 
. of the vibration. It was rendered manifest by these experi- 

* The action of such a string is substantially the same as that 6f the 
syren. The string renders intermittent the current of air. Its action also 
jesembles that of a reed. See Lecture V. 
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ments that the oscillations of the wire were not confined 
to a single plane, but that it described in its vibrations 
curves of greater or less complexity. Superposed upon 
the vibration of the whole string were partial vibra- 
tions, which revealed themselves as loops and sinuosities. 
Some of the lines observed by Dr. Young are given in 

Fig. 48. 




fig. 48. Every one of these figures corresponds to a 
distinct impression made by the wire upon the surround- 
ing air. The form of the sonorous wave is afifected by 
these superposed vibrations, and thus they influence the 
clang-tint or quality of the sound. 



125 



SUMMARY OF LECTURE III. 

The amount of motion communicated by a vibrating 
string to the air is too small to be perceived as sound, 
even at a small distance from the string. 

Hence, when strings are employed as sources of musical 
sounds, they must be associated with surfaces of larger area 
which take up their vibrations, and transfer them to the 
surrounding air. 

Thus the tone of a harp, a piano, a guitar, or a violin, 
depends mainly upon the sound-board of the instrument. 

The following four laws regulate the vibrations of 
strings: — The rate of vibration is inversely proportional 
to the length ; it is inversely proportional to the diameter ; 
it is directly proportional to the square root of the stretch- 
ing weight or tension ; and it is inversely proportional to 
the square root of the density of the string. 

When strings of diflferent diameters and densities are^ 
compared, the law is, that the rate of vibration is inversely 
proportional to the square root of the weight of the string. 

When a stretched rope, or an india-rubber tube filled 
with sand, with one of its ends attached to a fixed object, 
receives a jerk at the other end, the protuberance raised 
upon the tube runs along it as a pulse to its fixed end, and, 
being there reflected, returns to the hand by which the jerk 
was imparted. 

The time required for the pulse to travel from the hand 
to the fixed end of the tube and back, is that required by 
the whole tube to execute a complete vibration. 

When a series of pulses are sent in succession along the 
tube the direct and reflected pulses meet, and, by their 
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coalescence divide the tube into a series of vibrating parts, 
called ventral segments, which are separated from each 
other by points of apparent rest, called nodes. 

The number of ventral segments is directly proportional 
to the rate of vibration at the free end of the tube. 

The hand which produces these vibrations may move 
through less than an inch of space : while by the accu- 
mulation of its impulses, the amplitude of the ventral 
segments may amount to several inches, or even to several 
feet. 

If an india-rubber tube, fixed at both ends, be encircled 
at its centre by the finger and thumb, when either of its 
halves is pulled aside and liberated, both halves are thrown 
into a state of vibration. 

If the tube be encircled at a point one-third, one-fourth, 
or one-fifth of its length from one of its ends, on pulling 
the shorter segment aside and liberating it, the longer 
segment divides itself into two, three, or four vibrating 
parts, separated from each other by nodes. 

The number of vibrating segments depends upon the rate 
of vibration at the point encircled by the finger and thumb. 

Here also the amplitude of vibration at the place en- 
circled by the finger and thumb may not be more than a 
fraction of an inch, while the amplitude of the ventral 
segments may amount to several inches. 

A musical string damped by a feather at a point one- 
half, one-third, one-fourth, one-fifth, &c., of its length 
from one of its ends, and having its shorter segment 
agitated, divides itself exactly like the india-rubber tube. 
Its division may be rendered apparent by placing little 
paper riders across it. Those placed at the ventral seg- 
ments are thrown oflf, while those placed at the nodes 
retain their places. 

The notes corresponding to the division of a string into 
its aliquot parts are called the harmonics of the string. 
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When a string vibrates as a whole, it usually divides at 
the same time into its aliquot parts. Smaller vibrations 
are superposed upon the larger, the tones corresponding 
to those smaller vibrations, and which we' have agreed to 
call overtones, mingling at the same time with the fun- 
damental tone of the string. 

The addition of these overtones to the fundamental 
tone determines the tvmbre or quality of the sound, or, 
as we have agreed to call it, the clang-tint. 

It is the addition of such overtones to fundamental 
tones of the same pitch which enables us to distinguish 
the sound of a clarionet from that of a flute, and the 
sound of a violin from both. Could the pure funda- 
mental tones of these instruments be detached, they 
would be imdistinguishable from each other ; but the dif- 
ferent admixture of overtones in the different instruments 
renders their clang-tints diverse, and therefore distin- 
guishable. 

Instead of the heavy india-rubber tube in the experi- 
ments above referred to, we may employ light silk strings, 
and, instead of the vibrating hand, we may employ vibrat- 
ing tuning-fork§, and cause the strings to swing as a whole, 
or to divide themselves into any number of ventral segments. 
Effects of great beauty are thus obtained, and, by experi- 
ments of this character, all the laws of vibrating strings 
may be demonstrated. 

When a stretched string is plucked aside, or agitated by 
a bow, all the overtones which require the point agitated 
for a node vanish from the clang of the string. 

The point struck by the hammer of a piano is from 
one-seventh to one-ninth of the length of the string from 
its end : by striking this point, the notes which require it 
as a node cannot be produced, a source of dissonance 
being thus avoided. 



128 LECTDBE IV. 



LECTURE IV. 

VIBRATIONS OF A BOD FIXED AT BOTH [bNDS I ITS SUBDIVISIONS AND COB- 
RESPONDING OVERTONES— VIBRATIONS OF A BOD FIXED AT ONE END— 
THE XALEIDOFHONE — THE IRON FIDDLE AND MtTSICAL BOX — ^VIBRATIONS 
OF A ROD FREE AT BOTH ENDS — ^THB CLAQTTEBOIS AND GLASS HARMONICA 
— ^VIBRATIONS OF A TUNING-FORK I ITS SUBDIVISION AND OVERTONES — 
VIBRATIONS OF SQUARE PLATES — CHLADNl's DISCOVERIES — ^WHEATSTONb's 
ANALYSIS OF THE VIBRATIONS OF PLATES — CHLADNI*S FIGURES — VIBRA- 
TIONS OF DISCS AND BELLS — ^EXPERIMENTS OF FARADAT AND STREHLXE. 

OUR last lecture wfis devoted to the transverse vibrations 
of strings. I propose devoting the present lecture to 
the transverse vibrations of rods, plates, and bells, com- 
mencing with the case of a rod fixed at both ends. Its 
modes of vibration are exactly those of a string. It vi- 
brates as a whole, and can also divide itself into two, three, 
four, or more vibrating parts. But, for a reason to be 
immediately assigned, the laws which regulate the pitch of 
the successive notes are entirely diflferent in the two cases. 
Thus, when a string divides into two equal parts, each of 
its halves vibrates with twice the rapidity of the whole ; 

Fig. 49. 
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while, in the case of the rod, each of its halves vibrates with 
nearly three times the rapidity of the whole. With greater 
strictness, the ratio of the two rates of vibration is as 9 : 25 
that is to say, as the square of 3 to the squai*e of 5. In 
fig. 49, aa', cc/, 66', cid', I have sketched the first four 
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modes of vibration of a rod fixed at both ends : the succes- 
sive rates of vibration in the four cases bear to each other 
the following relation : — 

Number of nodes . . 1 2 3 

Number of vibrations .9 26 49 81 

the last row of figures being the squares of the odd num- 
bers 3, 5, 7, 9. 

In the case of a string, the vibrations are maintained 
by a tension externally applied ; in the case of a rod, the 
vibrations are maintained by the elasticity of the rod itself. 
The modes of division are in both cases the same, but the 
forces brought into play are different, and hence also the 
successive rates of vibration. 

Fig. 50. Ftg. 61. Fig. 62. 




f^jS^ (^3^ 9^13^ 

Let us now pass on to the case of a rod fixed at one end 
and free at the other. Here also it is the elasticity of the 
material, and not any ecsternal tension, that sustains the 
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vibrations. Approaching, as usual^ the sonorous through 
the more grossly mechanical, I fix this long rod of iron, 
n o, fig. 50, in a vice, draw it aside and liberate it. To 
make its vibrations more evident, I throw, by the electric 
light, its shadow upon a screen. It oscillates as a whole 
to and fro, between the points p p\ But the rod is 
capable of other modes of vibration. I damp it at the 
point a, by holding it gently there between my finger 
and thumb, and strike it sharply between a and o. The rod 
divides into two vibrating parts, separated by a node fig. 
5 1. You see upon the screen this shadowy spindle between 
a and the vice below, and this shadowy fan above a, with 
this black node between both. The division may be 
effected without damping a, by merely imparting a suffi- 
ciently sharp shoclj to the rod between a and o. In this 
case, however, besides oscillating in parts, the rod oscillates 
as a whole, the partial oscillations being superposed upon 
the large one. You notice, moreover, that the amplitude 
of the partial oscillations depends upon the promptness 
of my stroke. When the stroke is sluggish the partial 
division is but feebly pronounced, the whole oscillation 
being most marked. But when the shock is sharp and 
prompt, the whole oscillation is feeble, and the partial 
oscillations are executed with vigour. Now if the vibra- 
tions of this rod were rapid enough to produce a musical 
sound, the oscillation of the rod as a whole would cor- 
respond to its fundamental tone, while the division of the 
rod into two vibrating parts would correspond to the first 
of its overtones. If, moreover, the rod vibrated as a whole 
and as a divided rod at the same time, the fundamental 
tone and the overtone would be heard simultaneously. By 
damping the proper point and imparting the proper shock, 
I can still further subdivide the rod, as shown in fig. 52. 

And now let us shorten our rod so as to bring its 
vibrations into proper relation to our auditory nerves. 
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It is now about four inches long ; across its upper end 
I draw a bow, and you hear a low musical sound. I 
shorten the rod still more; the tone is higher; and by 
continuing to shorten I augment the speed of vibration, 
until finally the sound becomes painfully acute^ These 
musical vibrations diflfer only in rapidity from the grosser 
oscillations which a moment ago appealed to the eye. 

The increase in the rate of vibration here observed is 
ruled by a definite law ; the number of vibrations exe- 
cuted in a given time is inversely proportional to the 
square of the length of the vibrating rod. You hear 
the sound of this strip of brass, two inches long, as I pass 
the fiddle bow over its end. I make the length of the 
strip one inch ; the sound is now the double octave of the 
last one ; its rate of vibration is four times as rapid. Thus 
by doubling the length of the vibrating strip we reduce its 
rate of vibration to one-fourth ; by trebling the length we 
reduce the rate of vibration to one-ninth ; by quadrupling 
the length we reduce the vibrations to one-sixteenth, and 
so on. It is plain that by proceeding in this way we should 
finally reach a length where the vibrations would be suflS- 
ciently slow to be counted by the eye. Or, that beginning 
with a long strip, whose vibrations could be counted, we 
might, by shortening, not only make the strip sound, but 
also determine the rate^ of vibration corresponding to its 
different tones. Supposing we start with a strip 36 inches 
long, which vibrates once in a second, the strip reduced 
to 12 inches would, according to the above law, execute 9 
vibrations a second : reduced to 6 inches it would execute 
36, to 3 inches, 144 ; while if reduced to 1 inch in length 
it would execute 1,296 vibrations in a second. It is easy to 
fill the spaces between the lengths here given, and thus to 
determine the rate of vibration corresponding to any par- 
ticular tone. This method was proposed and carried out 
by Chladni. 

K 2 
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A musical instrument may be formed of short rods. 
Into this common wooden tray a number of pieces of 
stout iron wire of different lengths are fixed, being ranged 
in a semicircle. I pass the fiddle bow over the series, and 
obtain a succession of very pleasing notes. A competent 
performer could certainly extract very tolerable music from 
a sufficient number of these iron pins. The iron fiddle 
{violon de fer) is thus formed. The notes of the ordinary 
musical box are also produced by the vibrations of tongues 
of metal fixed at one end. Pins are fixed in a revolving 
cylinder, the free ends of the tongues being lifted by these 
pins and then suddenly let go. The tongues vibrate, their 
length and strength being so arranged as to produce in 
each particular case the proper rapidity of vibration. 

Mr. Wheatstone has devised a simple and ingenious opti- 
cal method for the study of vibrating rods fixed at one end. 
Attaching light glass beads, silvered within, to the end of 
a metal rod, and allowing the light of a lamp or candle to 
fall upon the bead, he obtained a small intensely illuminated 
spot. "WTien the rod vibrated, this spot described a brilliant 
line which showed the character of the vibration. A knit- 
ting needle fixed in a vice with a small bead stuck on to 
it by marine glue answers perfectly as an illustration. In 
Mr. Wheatstone's more complete instrument, which he calls 
a kcdeidophoiiey the vibrating rods are firmly screwed into 
a massive stand. Extremely beautiful figures are obtained 
by this simple contrivance, some of which I will endeavour 
to project on a magnified scale upon the screen before 
you. 

Fixing the rod horizontally in the vice, I permit 
the condensed beam of the electric lamp to fall upon 
the silvered bead, and thus obtain a spot of sunlike 
brilliancy. Placing a lens in fi-ont of the bead, I throw a 
bright image of the spot upon the screen, and drawing the 
needle aside, suddenly liberate it. The spot describes, a 
ribbon of light at first straight, but speedily opening out 
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into an ellipse, passing into a cirde, and then again through 
a second ellipse back to a straight line. This is due to the 
fact that a rod held thus in a vice vibrates not only in 
the direction in which it is drawn aside, but also at right 
angles to this direction. The curve is due to the combina- 
tion of two rectangular vibrations.* I now wish to show 
you, that while the rod is thus swinging as a whole it may 
also divide into vibrating parts. By properly drawing 
a violin bow across the needle I obtain this serrated circle, 

fig. 53, a number of small undulations „ .. 

® ' Fig. 53. 

being superposed upon the larger one. 
You moreover hear a musical tone, which 
you did not hear when the rod vi- 
brate as a whole only ; its oscillations, 
in fact, were then too slow to excite 
such a tone. The vibrations which 
produce these sinuosities, ^nd which 
correspond to the first division of the rod, are executed 
with about 6-J^ times the rapidity of the vibrations of 
the rod swinging as a whole. Again I draw the bow ; the 
note rises in pitch, the serrations nm more closely to- 
gether, forming on the screen a lumi- j,^^ ^^ 
nous ripple more minute and, if possible, 
more exquisitely beautiful than the last 
one, fig. 54. Here we have the second 
division of the rod, the sinuosities of 
which correspond to 17-^ times its rate 
of vibration as a whole. Thus every 
change in the sound of the rod is 
accompanied by a change of the figure upon the screen. 

The rate of vibration of the rod as a whole, is to the rat« 
corresponding to its first division, nearly as the square of 2 is 

* Chladni also observed this compounding of vibrations, and executed 
a series of experiments, which, in their developed form, are those of 
the kaleidophone. The composition of vibrations will be studied at some 
lepgth in a subsequent lecture. 
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to the square of 5, or as 4 : 25. From the first division on- 
wards the rates of vibration are approximately proportional 
to the squares of the series of odd numbers 3, 5, 7, 9, 11, &c. 
Supposing the vibrations of the rod as a whole to number 
36, then the vibrations corresponding to this and to its 
successive divisions would be expressed approximately by 
the following series of numbers : — 

36, 225, 625, 1225, 2025, &c. 

In fig. 55, a, 6, c, cZ, 6, are shown the modes of division 
corresponding to this series of numbers. You will not 
fail to observe that these overtones of a vibrating rod rise 
far more rapidly in pitch than the harmonics of a string. 



Fig. 65, 
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Other forms of vibration may be obtained by smartly 
striking the rod with the finger near its fixed end. In fact 
an almost infinite variety of luminous scrolls can be thus 
produced, the beauty of which may be inferred from the 
subjoined figures first obtained by Mr. Wheatstone. They 
may be produced by illuminating the bead with sunlight, or 
with the light of a lamp or candle. The scrolls, moreover, 
may be doubled by employing two candles instead of 
one. Two spots of light then appear, each of which 
describes its own luminous line when the knitting needle 
is set in vibration. In a subsequent lecture we shall 



TRANSVERSE VIBRATIONS OF RODS FREE AT BOTH ENDS. 135 

become acquainted with Mr. Wheatstone's application of 
his method to the study of rectangular vibrations. 

Fig. 66. 




From a rod or bar fixed at one end, we will now pass to 
rods or bars free at both ends ; for such an arrangement 
has also been employed in music. By a method after- 
wards to be described, Chladni, the father of modern 
acoustics, determined experimentally the modes of vibra- 
tion possible to such bars. The simplest mode of division 
bere possible occurs when the rod is divided by two nodes 
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into three vibrating parts. This mode is easily illustrated 
by this flexible box ruler, six feet long. Holding it at about 
twelve inches from its two ends between the forefinger and 
thumb of each hand, and shaking it, or causing its centre 
to be struck, it vibrates, the middle segment forming a 
shadowy spindle, and the two ends forming fans. The 
shadow of the ruler on the screen renders the mode of 
vibration still more evident. In this case the distance of 
each node from the end of the ruler is about one-fourth of 
the distance between the two nodes. In its second mode of 
vibration the rod or ruler is divided into four vibrating parts 
by three nodes. In fig. 57, 1 and 2, these respective modes 
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of division are shown. Looking at the edge of the bar 1, the 
dotted lines a a', b b' sbow the manner in which the seg- 
ments bend up and down when the first division occurs, 
while c c'f d d' show the mode of vibration corresponding 
to the second division. The deepest tone of a rod free at 
both ends is higher than the deepest tone of a rod fixed at 
one end in the proportion of 4 : 25. Beginning with the 
first two nodes, the rates of vibration of the free bar rise 
in the following proportion : — 

Number of nodes . . . . 2, 3, 4, 5, 6, 7. 

Numbers to the squares of which the) ^ . ^ 

rSfi7911 13 
pitch is approximately proportional ) > "> «> » **» • 

Here also we have a similarly rapid rise of pitch to that 
noticed in the last two cases. 

For musical purposes the first division only of a free 
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rod has been employed. When bars of wood of different 
lengths, widths, and aepths, are strung along a cord which 
passes through the nodes we have the claque-bois of the 
French, an instrument now before you, a B,fig. 58. Support- 
ing the cord at one end by a hook k, and holding it at the 
other in my left hand, I run the hammer h along the series 
of bars, and produce this agreeable succession of musical 
tones. Instead of using the cord, the bars may rest at their 
nodes on cylinders of twisted straw ; hence the name straw- 
fiddle sometimes applied to this instrument. Chladni 

Fig. 68. 




informs us that it is introduced as a play of bells (Glocken- 
spiel) into Mozart's opera of the Zauberflote. If, instead 
of bars of wood, we employ strips of glass, we have the 
glass harmonica* 

From the vibrations of a bar free at both ends, it is 
easy to pass to the vibrations of a tuning-fork, as analysed 
by Chladni. Supposing aa, fig. 59, to represent a straight 
steel bar, with the nodal points corresponding to its first 
mode of division marked by the transverse dots. Let the bar 
be bent to the form b b ; the two nodal points still remain, 
but they have approached nearer to each other. The tone 
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of the bent bar is also somewhat lower than that of the 
straight one. Passing through various stages of bending^ 
ccyddy we at length convert the bar into a tuning-fork e e, 
with parallel prongs ; it still retains its two nodal points, 
which, however, are much closer together than when the bar 
was straight. When such a fork sounds its deepest note, 
its free ends oscillate, as in fig. 60, where the prongs vi- 
brate between the limits b n, and/m and where p and q 
are the nodes. There is no division of a tuning-fork corre- 
sponding to the division of a straight bar by three nodes, 
first overtone of the fork, we have a node on each prong, and 
In its second mode of division, which corresponds to the 
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two at the bottom. The principle of Young referred to 
at page 118 extends to tuning-forks. If you wish to have 
the fundamental tone free from an overtone, you draw 
your bow across the fork at the place where a node is 
required by the latter. In the third mode of division 
there are two nodes on each prong, and one at the bottom. 
In the fourth division there are two nodes on each prong, 
and two at the bottom; while in its fifth division there are 
three nodes on each prong and one at the bottom. The 
first overtone of the fork requires, according to Chladni, 6^ 
times the number of vibrations of the fundamental tone. 
It is easy to elicit the overtones of tuning-forks. Here, for 
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example, is our old series, vibrating respectively 556, 320j 
384, and 512 times in a second. I pass from the funda» 
mental tone to the first overtone of each ; you notice that 
the interval is vastly greater than that between the funda- 
mental tone and the first overtone of a stretched string. 
From the numbers just mentioned we pass at once to 1600, 
2000, 2400, and 3200 vibrations a second. Chladni's num- 
bers, however, though approximately correct, are not always 
rigidly verified by experiment. A pair of forks, for example, 
may have their fundamental tones in perfect imison, and 
their overtones discordant. Two such forks are now before 
you. I sound the fundamental tones of both ; the unison is 
perfect. I now sound the first overtones of both ; they are 
not in unison: you hear rapid * beats,' which grate upon the 
ear. By loading one of the forks with wax, I can bring the 
two overtones into unison ; but now the fundamental tones 
produce loud beats when sounded together. This could 
not occur if the first overtone of each fork was produced 
by a number of vibrations exactly 6^ times the rate of its 
fundamental. In a series of forks examined by Helmholtz, 
the number of vibrations of the first overtone was from 
5*8 to 6*6 times that of the fundamental. Starting from 
this first overtone, and including it, the rates of vibration 
of the whole series of overtones are as the squares of the 
numbers 3, 5, 7, 9, &c. That is to say, in the time 
required by the first overtone to execute 9 vibrations, 
the second executes 25, the third 49, the fourth 81, and 
so on. Thus the overtones of the fork rise with far greater 
rapidity than those of a string. They also vanish more 
speedily, and hence adulterate to a less extent the funda^ 
mental tone by their admixture. 

The device of Chladni for rendering these souorous 
vibrations visible has been of immense importance to the 
science of acoustics. Lichtenberg had made the experi- 
ment of scattering an electrified powder over an electrified 
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resin cake ; the arrangement of the powder revealing the 
electric condition of the surface. This experiment suggested 
to Ghladni the idea of rendering sonorous vibrations visible 
by means of sand strewn upon the surface of the vibrating 
body. Chladni's own account of his discovery is of suffi- 
cient interest to justify its introduction here. 

* As an admirer of music, the elements of which I had 
begun to learn rather late, that is, in my nineteenth year, I 
noticed that the science of acoustics was more neglected than 
most other portions of physics. This excited in me the desire 
to make good the defect, and by new discovery to render 
some service to this part of science. In 1 785 I had observed 
that a plate of glass or metal gave different sounds when it 
was struck at different places, but I could nowhere find any 
information regarding the corresponding modes of vibra- 
tion. At this time there appeared in the journals some no- 
tices of an instrument made in Italy by the Abbe Mazzocchi, 
consisting of bells, to which one or two violin bows were 
applied. This suggested to me the idea of employing a 
violin bow to examine the vibrations of different sonorous 
bodies. When I applied the bow to a round plate of glass 
fixed at its middle it gave different sounds, which, compared 
with each other, were (as regards the number of their vibra- 
tions) equal to the squares of 2, 3, 4, 5, &c. ; but the nature 
of the motions to which these sounds corresponded, and 
the means of producing each of them at will, were yet un- 
known to me. The experiments on the electric figures 
formed on a plate of resin, discovered and published by 
Lichtenberg, in the memoirs of the Koyal Society of Got- 
tingen, made me presume that the different vibratory 
motions of a soporous plate might also present different 
appearances, if a little sand or some other similar substance 
were spread on the surface. On employing this means, the 
first figure that presented itself to my eyes upon the cir- 
cular plate already mentioned, resembled a star with ten or 
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twelve rays, and the very acute sound, in the series alluded 
to, was that which agreed with the square of the number 
of diametral lines.' 

I will now illustrate the experiments of Chladni, com- 
mencing with a square plate of glass held by a suitable 
clamp at its centre. I might hold the plate with my 
finger and thumb, if they could only reach far enough. 
Scattering fine sand over the plate, I damp the middle 
Fig. 61. Fio. 62. Fio. 63. 
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point of one of its edges by touching it with my finger 
nail, and draw a bow across the edge of the plate, near 
one of its corners. The sand is tossed away from certain 
parts of the surface, and collects along two nodal lines 
which divide the large square into fomr smaller ones, 
fig. 61. This division of the plate corresponds to its 
deepest tone. 

The signs -f and — here employed denote that the two 
squares on which they occur ai-e always moving in opposite 
directions. When the squares marked + are above the 
average level of the plate those marked — are below it ; 
and when those marked — are above the average level 
those marked + are below it. The nodal lines mark the 
boundaries of these opposing motions. They are the 
places of transition from the one motion to the other, and 
are therefore unaffected by either. 

Scattering sand once more over its surface, I damp one 
of the corners of the plate, and excite it by drawing the 
bow across the middle of one of its sides. The sand 
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dances over the surface of the plate, and finally ranges itself 
in two sharply-defined ridges along its diagonals, fig. 62. 
The note here produced is a fifth above the last. Again 
damping the points a and 6, fig. 63, and drawing the bow 
across the centre of the opposite side of the plate, we 
obtain a far shriller note than in either of the former cases, 
and the manner in which the plate vibrates to produce 
this note is represented in the figure. 

Fig. 64. 




I have thus far employed plates of glass held by a clamp 
at the centre. Plates of metal are also suitable for such ex- 
periments. Fig. 64 represents a plate of brass, 12 inches 
square, and supported on a suitable stand. Damping it with 
the finger and thumb of my left hand at two points of its 
edge, and drawing the bow with my right across a vibrating 
portion of the opposite edge, I obtain this complicated 
figure. 

Here follows a series of the beautiful patterns obtained 
by Chladni, by damping and exciting square plates in 
diflferent ways. It is not only interesting but startling 
to see the suddenness with which these sharply defined 
figures are formed by the sweep of the bow of a skilful 
experimenter. 




CHLADNI S FIGURES. 
Fig. 65. 
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And now let us look a little more closely into the 
mechanism of these vibrations. You know the manner in 
which a bar free at both ends divides itself when it 
vibrates transversely. A rectangular piece of glass or 
of sheet metal — ^the glass strips of the harmonica, for 
example^ also obey the laws of rods and bars, vibrating 
with their ends free. In fig. 66 is drawn a rectangle a, 
FiQ. 66. with the nodes corresponding to 

its first division marked upon it, 
and underneath it is placed a 
figure showing the manner in 

h-—7^ 'v.., which the rectangle, looked at 

••->.., ^^' — edgeways, bends up and down 

*"- --'" when it is set in vibration.* 

For the sake of plainness the 
bending is greatly exaggerated. The figures b and c indi- 
cate that the vibrating parts of the plate alternately rise 
above and fall below the average level of the plate. At 
one moment, for example, the centre of the plate is above 
the level, and its ends below it, as at 6 ; while at the next 
moment its centre is below, and its two ends above the 
average level, as at c. The vibrations of the plate 
conMst in the quick and successive assumption of these 
two positions. Similar remarks apply to all other modes 
of division. 

Now suppose the rectangle gradually to widen, till it 
becomes a square. There would then be no reason why 
the nodal lines should form parallel to one pair of sides 
rather than to the other. Let us now examine what 
would be the effect of the coalescence of two such systems 
of vibrations. 

♦ I copy this figure from Mr. WheaUtone's memoir ; the nodes, however, 
ought to be nearer the ends, and the free terminal portions of the dotted 
lines ought not to be bent upwards or downwards. The nodal lines in the 
next two figures are also drawn too far from the edges of the places. 
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To keep your conceptions clear, take two squares of glass 
and draw upon each of them the nodal lines belonging to 
a rectangle. Draw the lines on one plate in white and on 
the other in black ; this will help you to keep the plates 
distinct in your mind as you look at them. Now lay one 
square upon the other so that their nodal lines shall 
coincide, and then realise with perfect mental clearness 
both plates in a state of vibration. Let us assume, in the 
first instance, that the vibrations of the two plates are 
concurrent; that the middle segment and the end seg- 
ments of each rise and fall together ; and now suppose the 
vibrations of one plate transferred to the other. Whg^t 
would be the result? Evidently vibrations of a double 
amplitude on the part of the plate which has received this 
accession. But suppose the vibrations of the two plates, 
instead of being concurrent, to be in exact opposition to 
each other — that when the middle segment of the one rises 
the middle segment of the other falls — what would be the 
consequence of adding them together ? Evidently a neu- 
tralisation of all vibration. 

Instead of placing the plates so that their nodal lines 
coincide, set these lines now at right angles to each other. 
That is to say, push A over a', fig. 67. In these figures the 




letter p means positive, indicating, in the section where it 
occurs, a motion of the plate upwards ; while n means nega- 
tive, indicating, where it occurs, a motion downwards. You 

L 
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have now before you a kind of check pattern, as shown in the 
third square, consisting of a square 8 in the middle, a smaller 
square h at each corner, and four rectangles at the middle 
portions of the four sides. Let the plates vibrate, and let the 
vibrations of their corresponding sections be concurrent, as 
indicated by the letters p and n ; and then suppose the vibra- 
tions of one of them transferred to the other. What must 
result ? A moment's reflection will show you that the big 
middle square will vibrate with twice its former energy ; the 
same is true of the four smaller squares at the four comers ; 
but you will at once convince yourselves that the vibrations 
in the four rectangles are in opposition, and that where 
their amplitudes are equal, they will destroy each other. 
The middle point of each side of the plate of glass is, 
therefore, a point of rest ; the points where the nodal lines 
of the two plates cross each other are also points of rest. 
Draw a line through every three of these points and you 
obtain a second square inscribed in the first. The sides of 
this square are lines of no motion. 

We have thus far been theorising ; but I now clip this 
square plate of glass at a point near the centre of one of 
its edges, and drawing the bow across the adjacent corner 
of the plate, I obtain, when the glass is homogeneous, a close 
approximation to this inscribed square. The reason is 
that when the plate is agitated in this manner, the two 
sete of vibrations which we have been considering actually 
co-exist in the plate, and produce the figure due to their 
combination. 

Again, place the squares of glass one upon the other 
exactly as in the last case ; but now, instead of supposing 
them to concur in their vibrations, let their correspond- 
ing sections oppose each other : that is, let A cover a', 
fig. 68. Then it is manifest that on superposing the vibra- 
tions the middle point of our middle square must be a 
point of rest; for here the vibrations are equal and 
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opposite. The intersections of the nodal lines are also 
points of rest, and so also is every corner of the plate 
itself, for here the added vibrations are also equal and 
opposite. We have thus fixed four points of rest on each 

Fig. 68. 




diagonal of the square. Draw the diagonals and they will 
represent the nodal lines consequent on the superposition 
of the two vibrations. 

These two systems actually co-exist in the same plate 
when the centre is clamped and one of the corners 
touched, while the fiddle-bow is drawn across the middle 
of one of the sides. In this case the sand which marks the 
lines of rest arranges itself along the diagonals. I have 
thus endeavoured to put before you in the simplest pos 
sible manner a specimen of Mr. Wheatstone's analysis of 
these superposed vibrations. 

Passing from square plates to round ones, we also 
obtain various beautiful effects. Here, for instance, is a 
disc of brass supported horizontally upon this upright 
stand. The disc is black, and I scatter fine white sand 
lightly over it. It is capable of dividing itself in various 
ways, and of emitting notes of various pitch. I will 
first of all sound the lowest fundamental note of the 
disc ; this I do by touching its edge at a certain point, 
and by drawing the bow across the edge at a point 45 
degrees distant from the damped one. You hear the note 
and you see the sand. It quits the four quadrants of the 

l2 
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disc, and ranges itself along two of the diameters, fig. 69 A. 
When a disc divides itself thus into four vibrating seg- 
ments, it sounds its deepest note. I now stop the vibra- 
tion, clear the disc, and once more scatter sand over it. 
Damping its edge, and drawing the bow across it at a 
point 30 degi-ees distant from the damped one, the sand 

Fig. 69. 




immediately arranges itself in a star. We have here six 
vibrating segments, separated from each other by their 
appropriate nodal lines, fig. 69 b. Again I damp a point, 
and agitate another nearer to the damped one than in the 
last instance ; the disc divides itself into eight vibrating 
segments with lines of sand between them, fig. 69 c. In 
this way I continue to subdivide the disc into ten, twelve, 
fourteen, sixteen sectors, the number of sectors being always 
an even one. As the division becomes more minute, the 
vibrations become more rapid, arid the pitch consequently 
more high. The note emitted by the sixteen segments 
into which the disc is now divided is so acute as to be 
almost painful to the ear. Here you have Chladni's first 
discovery. You can understand his emotion on witnessing 
this wonderful eflfect, ^ which no mortal had previously seen.' 
By rendering the centre of the disc free, and damping 
appropriate points of the surface, nodal circles and other 
curved lines may be obtained. 

The rate of vibration of a disc is directly proportional 
to its thickness, and inversely proportional to the square 
of its diameter. I have here three discs ; two of them of 
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the same diameter, but one twice as thick as the other, 
and two of them of the same thickness, but one with 
twice the diameter of the other. According to the law 
just enunciated, the rates of vibration of these three discs 
are as the numbers 1, 2, 4. I sound them in succession, 
and the musical ears present can testify that they really 
stand to each other in the relation of a note to its octave 
and its double octave. 

The actual movement of the sand towards the nodal 
lines may he studied by clogging the sand with a semifluid 
substance. Here are some specimens, in which gum has been 
employed to retard the motion of the particles. The curves 
which they individually describe are very clearly drawn 
upon the plates. M. Strehlke has sketched these appear- 
ances, and from him I borrow the figures. A, b, c, fig. 70. 

Fig. 70. 




An efiect of vibrating plates which long perplexed expe- 
rimenters is here to be noticed. Mingled with the sand 
strewn over this plate is a little fine dust : in fact, to show 
you the effect more clearly, I have intentionally mixed with 
the sand the fine seed of lycopodium. This light substance, 
instead of collecting along the nodal lines, forms little heaps 
at the places of most violent motion. You see these heaps 
at the four comers of the plate, fig. 71, at the four sides of 
the plate, fig. 72, and lodged between the nodal lines of the 
plate, fig. 73. These three figures represent the three states 
of vibration illustrated in figs. 61, 62, and 63. The dust 
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chooses in all cases the place of greatest agitation. Various 
explanations of this effect had been given, but it was reserved 
for Mr. Faraday to assign its extremely simple cause. The 
light powder is entangled by the little whirlwinds of air pro- 
duced by the vibrations of the plate : it cannot escape from 
the little cyclones, though the heavier sand particles are 

Fig. 71. Fio. 72. Fig. 73. 




readily driven through them. When therefore the motion 
ceases, the light powder settles down in heaps at the places 
where the vibration was a maximum. In vacuo no such 
effect is observed: here all powders, light and heavy, 
move to the nodal lines. 

The vibrating segments and nodes of a bell are similar 
to those of a disc. When a bell sounds its deepest note, 
the coalescence of its pulses causes it to divide into four 
vibrating segments, separated from each other by four 
nodal lines, which run up from the sound-bow to the 
crown of the bell. The place where the hammer strikes is 
always the middle of a vibrating segment ; the point dia- 
metrically opposite is also the middle of such a segment. 
Ninety degrees from these points we have also vibrating 
segments, while at 45 degrees right and left of them we 
come upon the nodal lines. Supposing the strong dark 
circle in fig. 74 to represent the circumference of the 
bell in a state of quiescence, then when the hammer 
falls on any one of the segments a, c, 6, or d, the sound- 
bow passes periodically through the changes indicated 
by the dotted lines. At one moment it is an oviil, with a b 
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for its longest diameter ; at the next moment it is an oval, 
with c d for its longest diameter. The changes from one 
oval to the other, constitute in fact the vibrations of 
the bell. The four points n, n, ti, n, where the two 
ovals intersect each other, are the nodes. As in the 
case of a disc, the number of 
vibrations executed by a bell in 
a given time, varies directly as 
the square of the thickness, and 
inversely as the bell's diameter. 

Like a disc, also, a bell can ^ 
divide itself into any even num- 
ber of vibrating segments, but 
not into an odd number. By 
damping proper points in suc- 
cession, the bell can be caused 

to divide into 6, 8, 10, and 12 vibrating parts. Beginning 
with the fundamental note, the number of vibrations cor- 
responding to the respective divisions of a bell, as of a disc, 
is as follows : — 

. . 4, 6, 8, 10, 12. 




Number of diyisions 

Numbers the squares of which } 

express the rates of vibration ( 



2, 3, 4, 6, 6. 



Thus if the \dbrations of the fundamental tone be 40, 
that of the next higher tone will be 90, the next 160, the 
next 250, the next 360, and so on. If the bell be thin 
the tendency to subdivision itself is so great, that it is 
almost impossible to bring out the pure fundamental tone 
without the admixture of the higher ones. 

I will now repeat before you a homely, but an instruc- 
tive experiment. This common jug, when I draw a fiddle- 
bow across it^ edge, divides into four vibrating segments, 
exactly like a bell. The jug is provided with a handle ; 
and I wish you to notice the influence of this handle upon 
the tone. I draw the fiddle-bow across the edge at a 
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point diametrically opposite to the handle. I do the same 
at a point 90® from the handle ; the pitch of the note in 
both these cases is the same. In both cases the handle 
occupied the middle of a vibrating segment, loading that 
segment by its weight. But I now draw the bow at an 
angular distance of 45** from the handle ; the note is sen- 
sibly higher than before. The handle in this experiment 
occupies a node ; it no longer loads a vibrating segment, 
and hence the elastic force, having to cope with less weight, 
produces a more rapid vibration. The experiment here 
made with a jug Chladni executed with a tea-cup. Now 
bells often exhibit round their sound-bows an absence of . 

Fig. 76. 




uniform thickness, tantamount to the want of symmetry 
in the ease of our jug ; and we shall learn subsequently, 
that the intermittent sound of many bells, noticed more 
particularly when their tones are dying out, is produced 
by the combination of two distinct rates of vibration, which 
have this absence of uniformity for their origin. 

There are no points of absolute rest in a vibrating bell, 
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for the nodes of the higher tones are not those of the 
fundamental one. But that the various parts of the sound- 
bow, when the fundamental tone is predominant, vibrate 
with very different degrees of intensity, is easily demon- 
strated. Suspending a little ball of sealing wax a, fig. 75, 
by a string, and allowing it to rest gently against the 
interior surface of this inverted bell, it is tossed to and 
fro when the bell is thrown into vibration. But the 
rattling of the sealing wax ball is far more violent when 
it rests against the vibrating segments than when it rests 
against the nodes. Permitting the ivory bob of a short 
pendulum to rest in succession against a vibrating segment 
and against a node of the Great Bell of Westminster, I 
found that in the former position it was driven away five 
inches, in the latter only two inches and three-quarters 
when the hammer fell upon the bell. 

Could the * Great Bell' be turned upside down and 
filled with water, on striking it the vibrations would 
express themselves in beautiful ripples upon the liquid 
siu-face. Similar ripples may be obtained with smaller 
bells, or ^ even with finger and claret glasses, but they would 
be too minute for my present purpose. I have here a 
large hemispherical glass which emits a full deep note. 
I fill it with water and pass the fiddle-bow across its edge ; 
crispations immediately cover its surface. When I draw the 
bow vigorously, you see the water rising in a copious spray 
of liquid spherules from the four vibrating segments. I will 
endeavour to show you these sonorous ripples. The broad 
beam from the electric lamp being permitted to fall upon 
the tranquil water is now reflected at the proper angle, and 
in the path of the reflected beam I place this large lens, 
which throws a magnified image of the water surface upon 
the screen. I now pass the bow gently across the edge of 
the glass, or I rub my finger gently along the edge ; you 
hear this low sound, and at the same time you observe the 
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ripples breaking in visible music over the four sectors of 
the liquid surface.* 

When bisulphide of carbon is employed instead of water, 
its spherules, in consequence of the greater weight of 
the liquid, bound &om it with greater momentum, and 
the exquisite mosaic upon its surface is longer retained. 
But a more beautiful eflFect is produced when one of the 
lighter volatile liquids is made use of. You know the 
experiment of Leidenfrost which illustrates the spheroidal 
condition of water. You know that if water be poured 
into a red-hot silver basin, instead of flashing at once into 
steam, it rolls about upon its own vapour. The same eflFect 
is produced if we drop a volatile liquid, like ether, on the 
surface of warm water. The drop retains its spheroidal 
shape. Filling a bell-glass with ether or alcohol, a sharp 
sweep of the bow over the edge of the glass detaches the 
liquid spherules, which, when they fall back, do not mix 

Fig. 76. Fig. 77. 





with the liquid, but are driven over the surface on wheels 
of vapour to the nodal lines. The warming of the liquid, 
as might be expected, improves the eflFect. M. Melde, to 
whom we are indebted for this beautiful experiment, has 
given the drawings, figs. 76 and 77, representing what 

* For the iUnstration of this subject, I am indebted to the kindness of 
Mr. Bird, of Birmingham, who executed seyeral airs on his magnificent 
set of bell glasses, which had been sent to London for this express purpose. 
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Fig. 78. 



occurs when the surface is divided into four and into six 
vibrating parts. With a thin wine glass and strong brandy 
the eflFect may also be obtained. 

The glass and the liquid within it vibrate here together, 
and everything that interferes with the perfect continuity 
of the entire mass disturbs the sonorous eflFect. A crack 
in the glass passing from the edge downwards would ex- 
tinguish its sounding power. The same eflFect is produced 
by a rupture in the continuity of the liquid. To demon- 
strate this, I have placed in this glass a solution of carbonate 
of soda. I strike the glass, and you hear this clear musical 
sound. But I now add a 
little tartaric acid to the li- 
quid; it foams, and this dry 
unmusical collision takes the 
place of the musical sound. 
As the foam disappears the 
sonorous power returns, and 
now that the liquid is once 
more clear, you hear the 
musical ring as before. 

The ripples ^of the tide 
leave their impressions upon the sand over which they 
pass. The ripples produced by sonorous vibrations have 
been proved by Mr. Faraday competent to do the same. 
Attaching a plate of glass to a long flexible board, and 
pouring a thin layer of water over the surface of the 
glass, on causing the board to vibrate, its tremors chase 
the water into a beautiful mosaic of ripples. A thin 
stratum of sand. strewn upon the plate, is acted upon by 
the water, and carved into patterns, of which fig. 78 is a 
reduced specimen. 
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SUMMARY OF LECTURE IV. 

A rod fixed at both ends and caused to vibrate trans- 
versely divides itself in the same manner as a string 
vibrating transversely. 

But the succession of its overtones is not the same as 
that of a string, for while the series of tones emitted by the 
string is expressed by the natural numbers 1, 2, 3, 4, 5, 
&c. ; the series of tones emitted by the rod is expressed by 
the squares of the odd numbers 3, 5, 7, 9, &c. 

A rod fixed at one end can also vibrate as a whole, or it 
can divide itself into vibrating segments separated from 
each other by nodes. 

In this case the rate of vibration of the fundamental 
tone is to that of the first overtone as 4 : 25, or as the 
square of 2 to the square of 5. From the first division 
onwards the rates of vibration ai'e proportional to the 
squares of the odd numbers 3, 5, 7, 9, &c. 

With rods of different lengths the rate of vibration is 
inversely proportional to the square of the length of the 
rod. 

Attaching a glass bead silvered within to the free end of 
the rod, and illuminating the bead, the spot of light re- 
flected from it describes curves of various forms when the 
rod vibrates. The Kaleidophone of Wheatstone is thus 
constructed. 

The iron fiddle and the musical box are instruments, 
whose tones are produced by rods, or tongues, fixed at one 
end and free at the other. 
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A rod free at both ends can also be rendered a source of 
sonorous vibrations. In its simplest mode of division it 
has two nodes, the subsequent overtones correspond to 
divisions by 3, 4, 5, &c. nodes. Beginning with its first 
mode of division the tones of such a rod are represented 
by the squares of the odd numbers 3, 5, 7, 9, &c. 

The claque-bois, straw-fiddle, and glass harmonica are 
instruments whose tones are those of rods or bars free at 
both ends, and supported at their nodes. 

When a straight bar, free at both ends, is gradually bent 
at its centre, the two nodes corresponding to its funda- 
mental tone gradually approach each other. It finally 
assumes the shape of a tuning-fork which, when it sounds 
its fundamental note, is divided by two nodes near the 
base of its two prongs into three vibrating parts. 
There is no division of a tuning-fork by three nodes. 
In its second mode of division, which corresponds to the 
first overtone of the fork, there is a node on each prong 
and two others at the bottom of the fork. 

The fundamental tone of the fork is to its first overtone 
approximately as the square of 2 is to the square of 5. 
The vibrations of the first overtone are, therefore, about 
6:^ times as rapid as those of the fundamental. From the 
first overtone onwards the successive rates of vibration are 
as the squares of the odd numbers 3, 5, 7, 9, &c. 

We are indebted to Chladni for the experimental inves- 
tigation of all these points. He was enabled to conduct 
his enquiries through the discovery that, when sand is 
scattered ov^er a vibrating surface, it is driven from the 
vibrating portions of the surface, and collects along the 
nodal lines. 

Chladni embraced in his investigations plates of various 
forms. A square plate, for example, clamped at the 
centre, and caused to emit its fundamental tone, divides 
itself into four smaller squares by lines parallel to its sides. 
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The same plate can divide itself into four triangular 
vibrating parts, the nodal lines coinciding with the dia- 
gonals. The note produced in this case is a fifth above 
the fundamental note of the plate. 

The plate may be further subdivided, sand-figures of 
extreme beauty being produced ; the notes rise in pitch 
as the subdivision of the plate becomes more minute. 

These figures may be deduced from the coalescence of 
different systems of vibration. 

When a circular plate clamped at its centre sounds its 
fundamental tone, it divides into four vibrating parts, 
separated by four radial nodal lines. 

The next note of the plate corresponds to a division into 
six vibrating sectors, the next note to a division into eight 
sectors ; such a plate can divide into any even number 
of vibrating sectors, the sand-figures assuming beautiful 
stellar forms. 

The rates of vibration corresponding to the divisions of 
a disc are represented by the squares of the numbers 
2, 3, 4, 5, 6, &c. In other words, the rates of vibration are 
proportional to the squares of the numbers representing 
the sectors into which the disc is divided. 

When a bell sounds its deepest not« it is divided into 
four vibrating parts separated from each other by nodal 
lines, which run upwards from the sound-bow and cross each 
other at the crown. 

It is capable of tbe same subdivision as a disc ; the suc- 
cession of its tones being also the same. 
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LONGITUDINAL VIBEATIONS OF A WIBE — HELATTVE VELOCITIES OF SOUND IN 
BRASS AND IRON — ^LONGITUDINAL VIBBATIONS OF BODS FIXED AT ONE 
END — OF BODS FBEB AT BOTH ENDS — DIVISIONS AND OVERTONES OF 

BODS VIBBATING LONGITUDINALLY EXAMINATION OF VIBBATING BARS 

BY POLARISED LIGHT — ^DETERMINATION OF VELOCITY IN SOLIDS— EESO- 
NANCE — ^VIBBATIONS OF STOPPED PIPES : THEIB DIVISIONS AND OVERTONES 
— RELATION OF THE TONES OF STOPPED PIPES TO THOSE OF OPEN PIPES — 
CONDITION OF COLUMN OF AIB WITHIN A SOX7NDING OBGAN-PIPB — ^BBEDS 
AND BEED-PIPES — THE OBGAN OF VOICE ^OVERTONES OF THE VOCAL 
CHOBDS — THE VOWEL SOUNDS — KUNDT's EXPBBIMENTS — NEW METHODS OF 
DBTEBMINING VELOCITY OF SOUND. 

We have thus far occupied ourselves exclusively vnth 
transversal vibrations ; that is to say, vibrations executed 
at right angles to the lengths of the strings, rods, plates, 
and bells subjected to examination. A string is also 
capable of vibrating in the direction of its length, but 
here the power which enables it to vibrate is not a ten- 
sion applied exteijially, but the elastic force of its own 
molecules. Now this molecular elasticity is much greater 
than any that we can ordinarily develope by stretching 
the string, and the consequence is that the sounds produced 
by the longitudmal vibrations of a string are, as a general 
rule, much more acute than those produced by its transverse 
vibrations. These longitudinal vibrations may be excited 
by the oblique passage of a fiddle-bow ; but they are more 
easily produced by passing briskly along the string a bit 
of cloth or leather on which powdered resin has been strewn 
The resined fingers answer the same purpose. 
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I pluck the wire of our monochord thus aside; you 
hear the sound produced by its transversal vibrations. I 
now rub this resined leather along the wire ; a note much 
more piercing than the last is heard, which is due to the 
longitudinal vibrations of the wire. Behind the table is 
stretched a stout iron wire, 23 feet long. One end 
of it is firmly attached to an immovable wooden tray, 
the other end is coiled round a pin fixed firmly into one 
of our benches. With a key this pin can be turned, and 
the wire stretched so as to facilitate the passage of the 
rubber. I clasp the wire with the resined leather, and 
pass my hand to and fro along it ; a rich loud musical 
sound is audible to you all. I tightly clip the wire at 
its centre, and rub one of its halves; the note is now 
the octave of what it was before, the vibrations being 
twice as rapid. I clip the wire at one-third of its length 
and rub the shorter segment; this note is a fifth above 
the octave. I clip it at one-fourth of its length and 
rub that fourth ; this note is the double octave of that 
yielded by the whole wire, being produced by four times 
the number of vibrations. Thus, in longitudinal as well as 
in transversal vibrations, the number of vibrations executed 
in a given time is inversely proportional to the length of 
the wire. 

And notice the surprising power of these sounds when 
the wire is rubbed vigorously. I take a shorter length, 
the note rises ; shorter still, and now it is so acute, and at 
the same time so powerful, as to be hardly bearable. It 
is not the wire itself which produces this intense sound ; 
it is the wooden tray at its end to which its vibrations are 
communicated. And the vibrations of the wire being 
longitudinal, those of the tray, which is at right angles 
to the wire, must be transversal. We have here, indeed, 
an instructive example of the conversion of longitudinal 
into transverse vibrations. 
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Abandoninjir the bridge by which I clipped the wire, T 
cause it again to vibrate longitudinally through its entire 
length. While I do so my assistant will turn the key at 
the end, and thus change the tension. You notice no va- 
riation of the note- Once suflBciently stretched to enable 
it to abut against its points of attachment, the longitudinal 
vibrations of the wire, unlike the transverse ones, are in- 
dependent of the tension. Observe now that I have here 
a second wire of brass of the same length and thickness 
as the iron one. I rub them both. Their tones are not 
the same ; that of the iron wire is considerably the higher 
of the two. Why ? Simply because the velocity of the 
sound-pulse is greater in iron than in brass. The pulses 
in this case pass t^ and fro from end to end of the wire. At 
one moment the wire pushes against the tray at its end. 
At the next moment the wire pulls the tray, this pushing 
and pulling being due to the passage of the pulse to and 
fro along the whole wire. The time required for a pulse 
to run from one end to the other and hack is that of a 
complete vibration. In that time the wire imparts one push 
and one pull to the wooden tray at its end ; the wooden 
tray imparts one complete vibration to the air, and the air 
bends once in and once out the tympanic membrane.. 
Hence it is manifest that the rapidity of vibration, or, 
in other words, the pitch of the note, depends upon the 
velocity with which the sound-pulse is transmitted through 
the wire. 

And now the solution of a beautiful problem falls of 
itself into our hands. Without quitting this room, we can 
determine the relative velocities of sound through brass 
and iron. I shorten the brass wire until the note emitted 
by it is of the same pitch as that emitted by its fellow. 
You hear both notes now sounding in unison. This proves 
that the sound-pulse travels through these 23 feet of iron 
wire, and through these 15 feet 6 inches of brass wire in 

M 
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the same time. These lengths are in the ratio of 1 1 : 1 7, 
and these two numbers express the relative velocities of 
sound in brass and iron. In fact, the former velocity 
is 11,000 feet, and the latter 17,000 feet a second. 
The same method is of course applicable to many other 
metals. 

When a wire, vibrating longitudinally, emits its lowest 
note, there is no node whatever upon it : the pulse, as 
I have said, runs to and fro along the whole length of 
the wire. But, like a string vibrating transversely, it can 
also subdivide itself into ventral segments separated by 
nodes. By damping the centre of the wire we make that 
point a node. The pulses here run from both ends, meet 
in the centre, recoil from each other, and return to the 

Fig. 79. 

I ^=^ 1 I -^^ 1 



4 h 



I— ' i "Ti -- I I — i rr 1 "^i 



ends, where they are reflected as before. The note pro- 
duced by the wire divided thus into two vibrating seg- 
ments is the octave of its fundamental note. The next 
higher note is produced by the division of the wire into 
three vibrating segments, separated from each other by 
two nodes. The first of these three modes of vibration 
is shown in fig. 79, a and 6 ; the second at c and d ; the 
third at e and /; the nodes being marked by dotted 
transverse lines, and the arrows in each case pointing out 
the direction in which the pulse moves. The tones of the 
wire, as determined by their rates of vibration, follow the 
order of the numbers 1, 2, 3, 4, 5, &c., just as in the case 
of a wire vibratinsf transversely. 
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A rod or bar of wood or metal, with its two ends fixed, 
and vibrating longitudinally, divides itself in the same 
manner as the wire. The succession of tones is also the 
same in both cases. 

Eods and bars with one end fixed are also capable of 
vibrating longitudinally. A smooth wooden or metal rod 
for example, with one of its ends fixed in a vice, yields a 
musical note, when the resined fingers are passed along 
it. When such a rod yields its lowest note, it simply elon- 
gates and shortens in quick alternation. There is, then, 
no node upon the rod. When rods of diflferent lengths 
are compared, the pitch of the note is inversely propor- 
tional to the length of the rod. This follows necessarily 
from the fact, that the time of a complete vibration is the 
time required for the sonorous pulse to run twice to and fro 
over the rod. The first overtone of a rod, fixed at one end, 
corresponds to its division by a node at a point one-third 
of its length from its free end. Its second overtone corre- 
sponds to a division by two nodes, the highest of which is at 
a point one-fifth of the length of the rod from its free end, 
the remainder of the rod being divided into two equal 
parts by the second node. In fig. 80, a and 6, c and d, e 
and /, are shown the con- p^^ g^ 

ditions of the rod answer- 
ing to its first three modes 
of vibration: the nodes 
as before, are marked by 
dotted lines, the arrows in 
the respective cases mark- 
ing the direction of the 
pulses. 

The order of the tones 
of a rod fixed at one end and vibrating longitudinally is 
that of the odd numbers I, 3, 5, 7, &c. It is easy to see 
that this must be the case. For the time of vibration of 
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c or d is that of the segment above the dotted line : and 
the length of this segment being only one-third that of 
the "whole rod, its vibrations must be three times as rapid. 
The line of vibration in e or / is also that of its highest seg- 
ment, and as this segment is one-fifth of the length of the 
whole rod, its vibrations must be five times as rapid. Thus 
the order of the tones must be that of the odd numbers. 

Before you, fig. 81, is a musical instrument, the sounds 
of which are due to the longitudinal vibrations of a num- 
ber of deal rods of dif- 
ferent lengths. Passing the 
resined fingers over the 
rods in succession, I ob- 
tain a series of notes of 
varying pitch. It would, 
however, require a far 
more expert performer 
than I am to render the 
tones of this instrument 
pleasant to you. 

Eods ivith both ends free 
are also capable of vibra- 
ting longitudinally, and 
producing musical tones. 
The investigation of this 
subject will lead us to 
exceedingly important re- 
sults. Clasping a long 
glass tube exactly at its 
centre with my left hand, 
I pass with my right a wetted cloth over one of its 
halves; a clear musical sound is the result. A solid 
glass rod of the same length would yield the same note. 
In this case the centre of the tube is a node, and the 
two halves elongate and shorten in quick alternation. 
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M, Konig of Paris has provided me with an instrument 
which will illustrate this action* This rod of brass, a 6, 
fig. 82, is held at its centre by the clamp, s, while an ivory- 
ball, suspended by two strings from the points, m and 
Uy of this wooden frame, is caused to rest against the 
end, 6, of the brass rod. Drawing gently a bit of resined 
leather over the rod near a, it is thrown into longitudinal 

Fig. 82. 




vibration. The centre, 5, is a node; but the uneasiness 
of the ivory ball shows you that the end, 6, is in a 
state of tremor. I apply the rubber still more briskly. 
The ball, 6, rattles, and now the vibration is so intense, 
that the ball is rejected with violence whenever it comes 
into contact with the end of the rod. 

When I pass the wetted cloth over the surface of this glass 
tube I can see the film of liquid left behind by the cloth 
forming narrow tremulous rings all along the rod. Now 
this shivering of the liquid is due to the shivering of the 
glass underneath it, and it is possible so to augment the 
intensity of the vibration that the glass shall actually go 
to pieces. Savart was the first to show this. Twice in 
this place I have repeated his experiment, sacrificing in 
each case a fine glass tube 6 feet long and 2 inches 
in diameter. Seizing the tube at it« centre, c, fig. 83, 
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Fig. 83. 



I swept my hand vigorously to and fro along c d, 
until finally the half most distant from my hand was 
shivered into annular fragments. On examining these 
it was found that, narrow as they were, many of them 
were marked by cir- Fio. 84. 

cular cracks indicating 
a still more minute 
subdivision. 

In this case also the 
rapidity of vibration 
is inversely propor- 
tional to the length of 
the rod. A rod of 
half the length vi- 
brates longitudinally 
with double the ra- 
pidity, a rod of one- 
third the length with 
treble the rapidity, 
and so on. The time 
of a complete vibra- 
tion being that re- 
quired by the pulse to 
travel to and fro over 
the rod, and that time 
being directly propor- 
tional to the length of 
the rod, the rapidity 
of vibration must, of 
necessity, be in the 
inverse proportion. 

This division of a 
rod by a single node at 
its centre corresponds to the deepest tone produced by its 
longitudinal vibration. But, as in all other cases hitherto 
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examined, such rods can subdivide themselves further. 
I lay hold of the long glass rod, a «, fig. 84, at a point 6, 
midway between its centre and one of its ends, and rub 
its short section, a 6, with a wet cloth. The point b he^ 
comes a node, and a second node, ci, is formed at the same 
distance from the opposite end of the rod. Thus we have 
the rod divided into three vibrating parts, consisting of 
one whole ventral segment, b dy and two half ones, a b 
and d e. The soimd corresponding to this division of the 
rod is the octave of its fundamental note. 

You have now a means of bringing two of my state- 
ments face to face, and of proving whether they do or 
do not contradict each other. For, if the second mode of 
division just described produces the octave of the funda- 
mental note, and if a rod of half the length produces the 
same octave, then the whole rod held at a point one-fourth 
of its length from one of its ends ought to emit the same 
note as the half rod held in the middle. A second person 
shall sound the half rod, while I soimd the whole one ; you 
hear both sounds, and in pitch they are identical. 

Fig. 86. 



In fig. 85, a and 6, c and d, e and /, are shown the three 
first divisions of a rod free at both ends and vibrating 
longitudinally. The nodes as before are marked by trans- 
verse dots, and the direction of the pulses shown by 
arrows. The order of the tones is that of the numbers 
1, 2, 3, 4, &c. 
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When a tube or rod vibrating longitudinally yields its 
fundamental tone, its two ends are in a state of free vibra- 
tion, the glass there suflfering neither strain nor pressure. 
The case at the centre is exactly the reverse ; here there is 
no vibration, but a quick alternation of tension and com* 
pression. When the sonorous pulses meet at the centre they 
squeeze the glass ; when they recoil they strain it. Thus 
while at the ends we have the maximum of vibration, but 
no change of density^ at the centre we have the maximum 
changes of density, but no vibration. 

We have now cleared the way for the introduction of a 
very beautiful experiment made many years ago by Biot, 
but never, as far as I am aware of, repeated on the scale 
bere presented to you. I send the light from our electric 
lamp, L, fig. 86, through a prism, b, of bi-refracting spar, 
and thus obtain a beam of polarised light. This beam 
impinges on a second prism of spar, n, but, though both 
prisms are perfectly transparent, the light which has 
passed through the first cannot get through the second- 
And now I wish to show you that, by introducing a piece 
of glass between the two prisms, and subjecting the glass 
to either strain or pressure, the light will be enabled to pass 
through the entire system. I operate with this rectangu- 
lar glass rod six inches long. In its natm-al condition you 
observe it is inactive ; when the ;rod is placed between the 
prisms, the screen remains dark. By the mere force of riiy 
fingers I bend the glass rod, thereby throwing one of its 
halves into a state of strain, and the other half into a state 
of compression, and now you see the illuminated image 
of the rod upon the screen. Along tbe^ centre of the rod 
you observe a band of darkness : this band marks the place 
of transition from strain to pressure, where the glass is 
itl' its natural condition, and therefore unable to aflFect the 
light. 

Abandoning the glass rod, I now introduce between the 
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prisms B and n, a rectangle, 8 s', of plate-glass, 6 feet long, 
2 inches wide, and ^ of an inch thick, which I intend 
to throw into longitudinal vibration. The beam from l 
passes through the glass at a point near its centre, which 
is held in a vice, c, so that when a wet cloth is passed over 
one of the halves, c 8, of the strip, the centre will be a node. 

Fia. 86. 




During its longitudinal vibration the glass near the centre 
is, as already explained, alternately strained and compressed; 
and this successive strain and pressure confers upon the 
glass a structure which enables it to abolish the parti- 
cular condition of the light on which its extinguishability 
by the second prism, n, depends. Watch the experiment. 
The screen is all dark: I pass my wetted cloth briskly 
over the glass; yoti hear its sound, and at the same 
time a brilliant disc of light, three feet in diameter, flashes 
out upon the screen. The vibration quickly subsides, and 
the luminous disc as quickly disappears, to be, however. 
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revived at will by the passage of the wetted cloth along the 
glass. 

The light of this disc appears to be continuous^ but it is 
really intermittent, for it is only when the glass is under 
strain, or pressure, that the light can get through. In 
passing from strain to pressure, and from pressure to 
strain, the glass is for a moment in its natural state, which, 
if it continued, would leave the screen dark. But the im- 
pressions of brightness, due to the strains and pressures, re- 
main far longer upon the retina than is necessary to abolish 
the intervals of darkness. Hence the screen appears illu- 
minated by a continuous light. I now arrange the two 
prisms so that the beam in the first instance passes through 
both ; it might be expected that darkness will now result 
when the glass is caused to vibrate. This, however, is 
not the case, though dark intervals undoubtedly occur. 
You notice a diminution of the light, but you have no 
extinction. The dark intervals, in fact, are of such short 
duration as to be almost abolished by the intervals of light 
which precede and succeed them. 

And now I shift the rectangle of glass so as to cause the 
beam of polarised light to pass through it close to its end, 
8, The longitudinal vibrations of the glass have now no 
effect whatever upon the polarised beam. Thus, by means 
of this subtle investigator, we demonstrate that while the 
centre of the glass, where the vibration is nil, is subjected 
to quick alternations of strain and pressure, the ends of 
the rectangle, where the vibration is a maximum, suffer 
neither.* 

Thus far I have operated almost exclusively with glass 
rods and tubes ; but I have also rods of wood and metal, 
which yield musical tones when they vibrate longitudinally. 
Here, however, the rubber employed is not a wet cloth, but 

* This experim«»nt succeeds almost equaUy weU with a glass tttbe. 
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a piece of leather, on which powdered resin has been strewn. 
The resined fingers also elicit the music of the rods. Their 
modes of vibration are those already indicated, the pitch, 
however, varying with the velocity of the sonorous pnlse in 
the respective substances. I have here two rods of the 
same length, the one of deal, the other of Spanish maho- 
gany; let us sound them together. The pitch of the one 
is much lower than that of the other. Why? simply 
because the sonorous pulses pass more slowly through this 
particular kind of mahogany than through deal. Can we 
find the relative velocity of sound through these bodies ? 
With the greatest ease. We have only to shorten the 
mahogany rod till it yields the same note as the deal one. 
This I do carefully and by degrees. The notes, rendered 
approximate by the first trials, are now identical. Through 
this rod of mahogany 4 feet long, and through this rod of 
deal 6 feet long, the sound-pulse passes in the same time, 
and these numbers express the relative velocities of sound 
through the two substances. 

Modes of investigation, which I could do no more than 
hint at in our earlier lectures, are now falling naturally into 
our hands. When in my first lecture I spoke of the velo- 
city of sound in air, no doubt many possible methods of 
determining this velocity occurred to your minds, because 
here you had miles of space to operate upon. But how 
are we to determine the velocity of sound through wood 
or metal where such distances are out of the question? 
In the simple manner just indicated: from the notes which 
they emit when suitably prepared, we may infer with cer- 
tainty the relative velocities of sound through diflferent 
solid substances ; and determining the ratio of the velocity 
in any one of them to its velocity in air, we are able 
to draw up a table of absolute velocities. But how is air 
to be introduced into the series ? We shall soon be able 
to answer this question, approaching it, however, through a 
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number of phenomena with which, at first sight, it appear!? 
to have no connection. 



Fig. 87. 



RESONANCE, 

A series of tuning-forks stands before you, whose rates 
of vibration have ali*eady been determined by the syren. 
This one, you will remember, vibrates 256 times in a 
second, the length of the sonorous wave which it produces 
being, therefore, 4 feet 4 inches. The fork is now detached 
from its case, so that when struck against its pad you 
hardly hear it. I hold the vibrating fork over this glass jar, 

A B, fig. 87, 18 inches 
deep; but you still fail 
to hear the sound of 
the fork. Preserving 
the fork in its positioUj 
I poiir water with the 
least possible noiseinto 
the jar. The column 
of air underneath the 
fork becomes shorter 
as the water rises. The 
sound, you observe, 
augments in inten- 
sity; and when the 
water has reached a 
certain level it bursts 
forth with extraordi- 
nary power. I con- 
tinue to pour in water, the sound sinks, and becomes 
finally as inaudible as at first. By pouring the water 
carefully out, I reach a point where the reinforcement of 
the sound again occurs. Experimenting thus, I learn that 
there is one particular length of the column of air which. 
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M^ben the fork is placed above it, produces a maximum 
augmentation of the sound. This reinforcement of the 
sound is named resonance. 

Operating in the same way with all the forks in suc- 
cession, I find for each a column of air which yields a 
maximum * resonance. These columns are of different 
lengths, becoming shorter as the rapidity of vibration in- 
creases. In fig. 88, the series of jars is represented, the 
number of vibrations to which each resounds being placed 
above it. 

But why should the ^^^-^s. 

jars shorten, and what 
is the physical meaning 
of this very wonderful 
effect ? The greater vo- 
lume of sound heard 
everywhere throughout 
the room can only be 
due to the greater 
amount of motion com- 
municated to the air of 

the room. Under what circumstances is the fork enabled 
to communicate this increase of motion ? To solve this 
question we must revive our knowledge of the relation 
of the motion of the fork to the motion of the sono- 
rous wave produced by the fork. Supposing a prong of 
this fork, which executes 256 vibrations in a second, to 
vibrate between the points a and 6, fig. 89. In its motion 
from a to 6 the fork generates half a sonorous wave, and 
as the length of the whole wave emitted by this fork is 
4 feet 4 inches, at the moment the prong reaches 6, the 
foremost point of the sonorous wave will be at c, 2 feet 
2 inches distant from the fork. The motion of the wave, 
then, is vastly greater than that of the fork. In fact the 
distance a b is, in this case, not more than onie-twentieth 
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of an inch, and in the time required by the fork to describe 
this distance, the wave has passed over a distance of 26 
inches. With forks of lower pitch, the diflFerence would 
be still greater. 



"Fig. 89. 



a h 



< Z6 inches - 



>c 



V 



Our next question is, what is the length of the column 
of air which most powerfully resounds to this fork ? By 
measurement with a two-foot rule I find it to be 13 
inches. But the length of the wave emitted by the fork 
is 52 inches ; hence tlie length of the column of air which 
resounds to the fork is equal to one-fouHh of the length 
of tlie wave 'produced by the fork. This rule is general. 
Fig. 90. and might be illustrated by any 

<jru:::::::; other of the forks instead of 
this one. 
""" Figure, then, to your minds 

the prong, vibrating between 
the limits a and 6, placed over 
its resonant jar, A b, fig. 90. 
In the time required by the 
fork to move from a to 6, the 
condensation which it produces 
runs down to the bottom of 
the jar, is there reflected, and, 
as the distance to the bottom and back is 26 inches, the 
reflected wave will reach the fork at the moment when it 
is on the point of returning from 6 to a. The rarefaction 
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of the wave is produced by the retreat of the prong from 
b to a. This rarefaction will also run to the bottom of 
the jar and back, overtaking the prong just as it reaches 
the limit, a, of its excursion. It is plain from this ana- 
lysis, that the vibrations of the fork are perfectly syn- 
chronous with the vibrations of the aerial column, ab; and 
in virtue of this synchronism the motion accumulates in 
the jar, spreads abroad in the room, and produces this 
vast augmentation of the sound. 

Supposing we substitute for the air in one of these jars 
a gas of diflferent elasticity, we should find the length of 
the resounding column to be diflferent. The velocity of 
sound through coal-gas is to its velocity in air about as 
8 : 5. Hence, to synchronise with our fork, a jar filled 
with coal-gas would have to be deeper than ajar filled 
with air. I turn this jar, 18 inches long, upside down, and 
hold it over the end of this closed gas orifice. I agitate 
our tuning-fork, and hold it close to the mouth of the jar : 
it is scarcely audible. The jar, with air in it, is 5 inches 
too deep for this fork. I now turn on the gas, and as it 
ascends in the jar the note swells out, proving that for the 
more elastic gajs a depth of 18 inches is not too great. In 
fact it is not great enough ; for if I allow too much gas to 
enter, the resonance is weakened. By suddenly turning the 
jai' upright, still holding the fork close to its mouth, the 
gas escapes, and at the point of proper admixture of gas 
and air the note swells out again.* 

We are indebted to Savart for the illustration of the 
eflfect of resonance which I have now to bring before you. 
I have here a fine sonorous bell, fig. 91, which I throw into 
intense vibration by passing a resined bow across its edge. 
You hear its sound, pure but not very forcible. I cause 

♦ The escape of the gas from the jar is so very rapid as to lessen the 
effect of this experiment. It is more easily executed with hydrogen than 
with coal-gas. 
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the open mouth of this large tube, which is closed at one 
end, to approach one of the vibrating segments of the 
bell. Yon notice an augmentation of the sound : and now 
that the tube is close to the bell, the tone swells into a 
roar of exceeding power, but perfectly smooth and musical. 
Thus, as I alternately withdraw and advance the tube, the 

Fig. 91. 




sound sinks and swells in this extraordinary manner. I 
allow it to sink until the unaided bell becomes perfectly 
inaudible. I move the tube forward ; once more the sound, 
which a moment ago was unheard by those nearest to the 
bell, is now audible throughout the entire room. I now 
take a second tube capable of being lengthened and 
shortened by a telescopic slider, but, unlike the last, open 
at both ends. I bring it near the vibrating bell, but the 
resonance is feeble. I lengthen the tube by drawing out 
the slider, and, at a certain point, the tone swells out as 
before. If I make the tube longer, the resonance is again 
enfeebled. I would draw your attention to the fact, which 
shall be explained presently, that the open tube which 
gives the maximum resonance is exactly twice the length 
of the closed one. 

When in the third lecture I took the end of an India- 
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rubber tube in my hand, and found it necessary to time my 
impulses properly to produce the various ventral segments, 
I could feel that the quantity of muscular work done, when 
my impulses were properly timed, was greater than when 
they were irregular. The same truth may be illustrated 
by a claret glass half filled with water. Endeavour to 
move your hand to and fro in accordance with the oscillating 
period of the water : when you have thoroughly established 
synchronism, the work thrown upon the hand makes you 
feel as if the weight of the water had become greater. So 
likewise with our tuning-fork ; when its impulses are timed 
to the vibrations of the column of air contained in this 
jar, its work is greater than when they are not so timed. 
As a consequence of this the tuning-fork comes sooner to 
rest when it is placed over the jar than when it is per- 
mitted to vibrate* either in free air, or over a jar of a 
depth unsuited to its periods of vibration.* 

Eeflecting on what we have now learned, you would, I 
am persuaded, have no difficulty in solving the following 
beautiful problem : — You are provided with a tuning-fork 
and a syren, and are required by means of these two instru- 
ments to determine the velocity of sound in air. To solve 
this problem, you lack, if anything, the mere power of 
manipulation which practice imparts. You would propose 
first to determine, by means of the syren, the number of 
vibrations executed by your tuning-fork in a second ; you 
would then determine the length of the column of air 
which resounds to the fork. This length multiplied by 4 
would give you, approximately, the length of the sonor- 
ous wave, and the wave-length multiplied by the number 
of vibrations in a second would give you the required 

♦ Only an extremely small fraction of the fork's motion is converted into 
sound. The remainder is expended in overcoming the internal friction of 
its own particles. In other words, nearly the whole of the motion is con- 
verted into heat. 

■ N 
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velocity. Without quitting your private room, therefore, 
you could solve this important problem. We will go on, 
if you please, in this fashion, making our footing sure as 
we advance. 



Fig. 



ORGAN-PIPES. 

Before me on the table are two resonant jars, and in 
my two hands I hold two tuning-forks. I agitate both 
forks, and hold both of them over this jar. One of 
them only is heard. I hold them over the other jar ; 
the other fork alone is now heard. Each jar selects 
that fork for reinforcement whose periods of vibra- 
tion synchronise with its own. Instead of two forks I 
might hold two dozen over either of these jars ; from the 
confused assemblage of pulses thus generated, 
the jar would select, and reinforce, that one 
which corresponds to its own period of vi- 
bration. 

I now take this same jar in my hand, and 
raising it to the level of my lips, blow across 
its open mouth. Or, better still, for the jar is 
too wide for this experiment, I blow across 
the open end of a glass tube, t u, fig. 92, of 
the same length as the jar, and |ths of an inch 
in diameter. I thereby produce a fluttering 
of the air ; I generate, in fact, an assemblage 
of pulses at the open mouth of the tube; 
and what is the consequence? The tube se- 
lects that pulse of the flutter which is in 
synchronism with itself, and raises it to the 
dignity of a musical sound. The sound, you perceive, 
is precisely that obtained when the proper tuning-fork is 
placed over the tube. The column of air within the tube 
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has in this case virtually created its own tuning-fork ; for 
by the reaction of its pulses upon the sheet of air issuing 
from my lips, it has compelled that sheet to vibrate in syn- 
chronism with itself, and made it thus act the part of the 
tuning-fork. 

I pass on to our other tuning-forks, selecting for each 
of them a resonant tube. In every case, on blowing across 
the open end of the tube, I produce a tone identical in 
pitch with that obtained when the proper tuning-fork is 
held at that end. 

When diflferent tubes are compared, the rate of vibra- 
tion is found to be inversely proportional to the length 
of the tube. I have here three tubes, 6, 12, and 24 
inches long. I blow gently across the two-foot tube, and 
bring out its fundamental note ; I do the same with the 
12-inch tube, and find its note to be the octave of that 
of the 24-inch. I do the same with the six-inch tube, 
and find its note to be the octave of that of the 12-inch. 
It is plain that this must be the case ; for the rate of 
vibration depending on the distance which the pulse haa 
to ti-avel to complete a vibration, if in one case this dis- 
tance be twice what it is in another, the rate of vibration 
must be twice as slow. In general terms, the rate of vi- 
bration is inversely proportional to the length of the tube 
through which the pulse passes. 

But that the current of air should be thus able to ac- 
commodate itself to the requirements of the tube, it must 
enjoy a certain amount of flexibility. A little reflection 
will show you that the power of the reflected pulse over the 
current must depend to some extent on the force of the 
latter. A stronger current, like a more powerfuUy^tretched 
string, requires a greater force to deflect it, and when de- 
flected vibrates more quickly. Accordingly, to obtain the 
fundamental note of this tube, I have to blow very gently 
across its open end ; when this is done, a rich, full, and for- 
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cible musical tone is produced. If I blow a little stronger, 
the sound approaches a mere rustle ; I blow more strongly 
still, and now I obtain a tone of much higher pitch than the 
fundamental one. This is the first overtone of the tube, 
to produce which the column of air within it has divided 
itself into two vibrating parts, with a node between them. 
I blow still stronger, and obtain a still higher note : the 
tube is now divided into three vibrating parts, separated 
Fig. 93. ^ from each other by two 

nodes. Once more I blow 
with sudden strength, a 
higher note than any 
before obtained is the 
consequence. 

In fig. 93, 1 have repre- 
sented the divisions of the 
column of air correspond- 
ing to the first three notes of a tuoe stopped at one end. At 
a and 6, which correspond to the fundamental note, the 
column is undivided ; the bottom of the tube is the only node, 
and the pulse simply moves up and down from top to bottom 
as denoted by the arrows. In c and d^ which correspond to 
the first overtone of the tube, we have one nodal surface 
shown by dots, against which the pulses abut, and from 
which they are reflected as from a fixed surface. This 
nodal surface is situated at one-third of the length of the 
tube from its opqn end. In e and /, which correspond to 
the second overtone, we have two nodal surfaces, the upper 
one of which is at one-fifth of the length of the tube from 
its open end, the remaining four-fifths being divided into 
two equal parts by the second nodal surface. The arrows, 
as before, mark the directions of the pulses. 

We have now to inquire into the relation in which these 
successive notes stand towards each other. The distance 
from node to node we have called all through a ventral 
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segment ; hence the-distance from the middle of a ventral 
segment to a node is a semi-ventral segment. You will 
readily bear in mind the law, that the number of vibratioTis 
is directly proportional to the number of semi-ventral 
segments into which the column of air within the tube is 
divided. Thus, when the fundamental note is sounded, we 
have but a single semi-ventral segment. The bottom here 
is a node, and the open end of the tube, where the air is 
agitated, is the middle of a ventral segment. When we obtain 
the mode of division represented in c and d we have three 
semi-ventral segments ; in e and / we have five. The 
vibrations, therefore, corresponding to this series of notes, 
augment in the proportion of the series of odd numbers, 
1:3:5. And could we obtain still higher notes, their 
relative rates of vibration would continue to be represented 
by the odd numbers, 7, 9, 11, 13, &c. &c. 

A moment's consideration will make it evident to you 
that this must be the law of succession. For the time of 
vibration in c or ci is that of a stopped tube of the length 
X y ; but this length is one-third of the length of the whole 
tube, consequently its vibrations must be three times as 
rapid. The time of vibration in e or / is that of a stopped 
tube of the length x' y\ and inasmuch as this length is one- 
fifth that of the whole tube, its vibrations must be five 
times as rapid. We thus obtain the succession 1, 3, 5, 
and if we pushed matters further we should obtain the 
continuation of the series of odd numbers. 

And here it is once more in your power to subject my 
statements to an experimental test. I hold in my hands 
two tubes, one of which is three times the length of the 
other. I sound the fundamental note of the longest tube, 
and I then sound the next note above the fundamental. 
The vibrations of these two notes I have stated to be in 
the ratio of 1 : 3. This latter note, therefore, ought to be 
of precisely the same pitch as the fundamental note of 
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the shorter of the two tubes. I sound both tubes : their 
notes are identical. 

I need hardly say that it is only necessary to place a 
series of these tubes of diflFerent lengths thus together, 
to form that ancient instrument the Pandean pipes, P?' 
fig. 94, with which we are all so well acquainted. 

Fig. 94. The Successive divisions 

and the relation of the over- 
tones of a rod fixed at one 
1^/ end (described in p. 163), 
are identical with those of 
a column of ak in a tube 
stopped at one end, which we 
have been here considering. 
From tubes closed at one 
endj and which, for the sake of brevity, may be called 
stopped tubes, we now pass to tubes open at both ends, 
which we shall call open tubes. Comparing, in the first 
instance, a stopped tube with an open one of the same 
length, we find the note of the latter an octave higher 
than that of the former. This result is general. An 
open tube always yields the octave of the note of a 
stopped tube of the same length. From this collection 
of open tubes I select four, which resound with maxi- 
mum power to our series of four tuning-forks. Every 
open tube of the series is double the length of the 
closed one which resounds to the same fork. To make 
an open tube yield the same note as a closed one, the 
former must be twice the length of the latter. And 
since the length of a closed tube sounding its funda- 
mental note is one-fourth of the length of its sonorous 
wave, the length of an open tube is one-half that of the 
sonorous wave that it produces. 

It is not easy to obtain a sustained musical note by blow- 
ing across the end of one of these open glass tubes ; but a 
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mere pufF of breath across the 
end reveals the pitch to the 
disciplined ear. In each case 
it is that of a closed tube half 
the length of the open one. 

There are various ways of 
agitating the air at the ends of 
pipes and tubes, so as to throw 
the columns within them into 
vibration. In organ-pipes this 
is done by blowing a thin sheet 
of air against a sharp edge. 
This produces a flutter, some 
particular pulse of which is 
then converted into a musical 
sound by the resonance of the 
associated column of air. 

You will have no difficulty in 
understanding the construction 
of this open organ-pipe, fig. 95, 
one side of which has been re- 
moved so that you may see its 
inner parts. Through the tube, 
t, the air passes from the wind- 
chest into the chamber, c, which 
is closed at the top, save a nar- 
row slit, e d, through which the 
compressed air of the chamber 
issues. This thin air current 
breaks against the sharp edge, 
a 6, and there produces a flut- 
tering noise, the proper pulse 
of which is converted by the 
resonance of the pipe into a 
musical sound. The open 
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Fig. 97. 



space between the edge, a 6, and the slit below it is 
called the embouchure. Fig. 96 represents a stopped pipe 
of the same length as that shown in fig. 95 ; and hence 
producing a note an octave lower. 

Instead of causing the air there to flutter, I may place 
at the embouchure a tuning-fork, whose rate of vibration 
synchronises with that of the organ pipe, as at A b, fig. 97. 
The pipe resounds. I take four open pipes of different 
lengths, and four tuning-forks of different rates of vibra- 
tion. Beginning with the longest pipe, I strike the most 

slowly vibrating fork, 
and bring it near the 
embouchure. The pipe 
speaks . povrerfully. I 
now blow into the same 
pipe : the tone is identi- 
cal with that evoked by 
the tuning-fork. I go 
through all the pipes in 
succession, and find in 
each case that the note 
yielded by the pipe, when 
blown into, is exactly 
that produced when the 
proper tuning-fork is 
placed at the ernbou- 
chure. Conceive all four of these forks placed near the same 
embouchure ; we should have pulses of four different periods 
there excited; out of the four, however, the pipe would 
select but on,e. And if four hundred vibrating forks could 
be placed there instead of four, the pipe would still make 
the proper selection. This it also does, when for the pulses 
of tuning-forks we substitute that assemblage of pulses 
created by the current of air when it strikes against the 
sharp upper edge of the embouchure. . x. ' 
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The heavy vibrating mass of the tuning-fork is prac- 
tically uninfluenced by the motion of the air within the 
pipe. But this is not the case when air itself is the vi- 
brating body. In this case, as before explained, the pipe 
creates, as it were, its own tuning-fork^ by compelling the 
fluttering stream at its embouchure to vibrate in periods 
answering to its own. 

We have now to enquire into the condition of the air 
within an open organ-pipe when its fundamental note is 
sounded. It is that of a rod free at both ends, held at its 
centre, and caused to vibrate longitudinally. The two ends 
are places of vibration, the centre is a node. Fio. 98. 
How do I know this? Is there any 
way of feeling the vibrating column so as / 
to determine its nodes and its places of 
vibration ? The late excellent William 
Hopkins has taught us the following mode 
of solving this problem. I have here a 
little hoop, over which is stretched a thin 
membrane, capable of being readily thrown 
into vibration. The front of this organ- 
pipe, pp', fig. 98, is of glass, through which 
you can see the position of any body within 
it. By means of a string, I can lower and 
raise at pleasure this little tambourine, m, 
through the entire length of the pipe. It 
now rests just above the upper end of the 
column of air. I sound the pipe. You 
hear immediately the loud buzzing of the 
membrane. I lower it into the pipe; it 
still continues to buzz ; now its sound is 
becoming feeble; and now it has totally 
ceased. I cannot see the position of the 
menjibrane, but I venture to aflBrm that it 
is now in the middle of the pipe. It no longer vibrates. 
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for the air around it is at rest, I lower it still further ; the 
buzzing sound instantly commences, and continues down 
to the bottom of the pipe. Thus, as I lift the mem-\ 
brane, and lower it in quick succession, I have always, 
during every descent and ascent, two periods of sound 
separated from each other by one of silence. If sand 
were strewn upon the membrane it would dance above and 
below, but it would be quiescent at the centre. We thus 
prove experimentally, that when an organ-pipe sounds its 
fundamental not«, it divides itself into two semi-ventral 
segments separated by a node. 

What is the condition of the air at this node ? Again, 
that of the middle of a rod, free at both ends, which yields 
the fundamental note of its longitudinal vibration. The 
pulses reflected from both ends of the rod, or of the column 
of air, meet in the middle, and produce compression ; 
they then retreat and produce rarefaction. Thus, while 
there is no vibration in the centre, the air there under- 
goes the greatest changes of density. At the two ends ot 
the pipe, on the other hand, the air-particles merely swing 
up and down without sensible compression or rarefaction. 

If the sounding pipe were pierced at the centre, and the 
orifice stopped by a membrane, the air when condensed, 
would press the membrane outwards, and, when rarefied, the 
external air would press the membrane inwards. The mem- 
brane would therefore vibrate in unison with the column 
of air. The organ-pipe I now hold in my hand, fig. 99, is so 
arranged, that a small jet of gas, 6, can be lighted opposite 
the centre of the pipe, and there acted upon by the vibra- 
tions of a membrane, such as I have described. There are two 
other gas-jets, a and c, placed midway between the centre 
and the two ends of the pipe. The three burners, a, 6, c, are 
fed in the following manner : — through the tube, U the gas 
enters the hollow chamber, e d, from which issue three little 
bent tubes, each communicating with a cavity closed under- 
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neath by the membrane, which is in direct contract with the 
air of the organ-pipe. From the three cavities issue the 
three little burners, a, 6, c. I light them all ; and now I 
blow into the pipe so as to sound its fundamental note. 
The three flames are agitated, but the central one is most 
so, I lower the flames and render them very small. If I 
now blow into the pipe, the central flame, 6, will be extin- 
guished, while the others will remain lighted. I ignite the 
gas-jets, and sound the fundamental note half-a-dozen times 
in succession ; the middle flame is, in all cases, blown out. 

Fio. 99. 




If I blow more sharply into this pipe, I cause the column 
of air to subdivide itself so as to yield its first overtone. 
The middle node no longer exists. The centre of the pipe 
is now a place of maximum vibration, while two nodes 
are formed midway between the centre and the two ends. 
But if this be the case, and if the flame opposite a node 
be always blown out, then, when I sound the first overtone 
of this pipe, the two flames a and c will be extinguished, 
while the central flame will remain lighted. I repeat the 
experiment three or four times, so as to assure you that 
there is no accident in the matter. When I sound the 
first harmonic, the two nodal flames are infallibly extin- 
guished, while the flame 6 in the middle of the ventral seg- 
ment is not sensibly disturbed. 

There is no theoretic limit to the subdivision of an 
organ-pipe either stopped or open. In stopped pipes 
we begin with a semi-ventral segment, and pass on to 3, 
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5, 7, &c., semi-ventral segments ; the numberof vibrations 
of the successive notes augmenting in the same ratio. 
In open pipes we begin with 2 semi-ventral segments, 
and pass on to 4, 6, 8, 10, &c. ; the number of vibrations 
of the successive notes augmenting in the same ratio ; 
that is, in the ratio 1 : 2 : 3:4:5, &c. When, there- 
fore, we pass from the fundamental tone to the first 
overtone in an open pipe, we obtain the octave of the fun- 
damental. When we make the same passage in a stopped 
pipe, we obtain a note a fifth above the octave. No inter- 
mediate modes of vibration are in either case possible. If 
the fundamental tone of a stopped pipe be produced by 
100 vibrations a second, the first overtone will be pro- 
duced by 300 vibrations, the second by 500, and so on. 
Such a pipe, for example, cannot execute 200 or 400 vi- 
brations in a second. In like manner the open pipe, whose 
fundamental note is produced by 100 vibrations a second, 
cannot vibrate 150 times in a second, but passes at a jump 
to 200, 300, 400, and so on. 

In open pipes, as in stopped ones, the number of vibra- 
tions executed in the unit of time is inversely proportional 
to the length of the pipe. This follows from the fact, 
already dwelt upon so often, that the time of a vibration 
is determined by the distance which the sonorous pulse 
has to travel to complete a vibration. 

In fig. 100, a and b represent the division of an open pipe 
corresponding, to its fundamental tone ; c and d represent 
the division corresponding to its first ; e and / the division 
corresponding to its second overtone. The distance m 7i, is 
one-half, 0j9 is one-fourth, and s ^ is one-sixth of the whole 
length of the pipe. These three lengths are therefore in the 
ratio of the three numbers 1:2:3. But the pitch of a 
is that of a stopped pipe equal in length to m n ; the pitch 
of c is that of a stopped pipe of the length o p ; while the 
pitch of e is that of a stopped pipe of the length 8 1 Hence, 
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as these lengths are in the ratio of 1 ; 2 : 3, the rates of vi- 
bration must be in the same proportion. From the mere 
inspection, therefore, 
of the respective 
modes of vibration 

we can draw the in- I * | 

ference that the suc- 
cession of tones in an 
open pipe must cor- 
respond to the series 
of natural numbers. 

I have purposely 
drawn the pipe a, fig. 
100, twice the length 
of a, fig. 93 (p. 180). 
It is perfectly mani- 
fest that to complete 
a vibration the pulse 
has to pass over the 

same distance in both pipes, and hence that the pitch 
of the two pipes must be the same. The open pipe, a n, 
consists virtually of two stopped ones, with the central 
nodal surface at m as their common base. The mere in- 
spection, therefore, of the respective modes of vibration 
proves the relation of a stopped pipe to an open one to be 
that which experiment establishes. 

If I have made these points intelligible you are now in 
a condition to grapple with problems which must at first 
sight appear absolutely insurmountable. We have already 
learned that the relative velocities of sound in dififerent 
solid bodies may be determined from the notes which they 
emit when thrown into longitudinal vibration ; and it was 
remarked at the time, that all we required to draw up a 
table of absolute velocities was the accurate comparison 
of the velocity in any one of those solids, with the velocity 
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in air. We are now in a condition to supply what was 
then wanting. For we have learned that the vibrations 
of the air in an organ-pipe open at both ends are executed 
precisely as those of a rod free at both ends. Any diflfer- 
ence of rapidity, therefore, between the vibrations of a rod 
and of an open organ-pipe, of the same length, must be 
due solely to the different velocities with which the sono- 
rous pulses are propagated through them. Take therefore 
an organ-pipe of a certain length, emitting a note of 
a certain pitch, and find the length of a rod of pine which 
yields the same note. Thi§ length would be ten times that 
of the organ-pipe, which would prove the velocity of sound 
in pine to be ten times its velocity in air. But the absolute 
velocity in air is 1,090 feet a second; hence the absolute 
velocity in pine is 10,900 feet a second ; which is that 
given in our first lecture (see p. 41). To the eminent 
Chladni we are indebted for this mode of determining the 
velocity of sound in solid bodies. 

We had also in our first lecture a table of the velocities 
of sound in other gases than air. How was this table con- 
structed ? I am persuaded that you could answer me after 
due reflection. It would only be necessary to find a series of 
organ-pipes which, when filled with the difierent gases, 
yield the same note ; the lengths of these pipes would give 
the relative velocities of sound through the gases. Thus 
we should find the length of a pipe filled with hydrogen to 
be four times that of a pipe filled with oxygen, and yield- 
ing the same note, which would prove the velocity of sound 
in the former to be four times its velocity in the latter. 

But we had also a table of velocities through various 
liquids. How could it be constructed ? By forcing the 
liquids through properly constructed organ-pipes, and 
comparing their musical tones. Thus, in water it would 
require a pipe a little better than four feet long to pro- 
duce the note of a pipe in air one foot long, which 
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proves that the velocity of sound in water is some- 
what more than four times its velocity in air. My object 
here is to give you a clear notion of the way in which 
scientific knowledge enables us to cope with these ap- 
parently insurmountable problems. . I do not go into the 
niceties of these measurements, because this is not needed 
for my present purpose. But you will readily comprehend 
that all the experiments with gases might be made with 
the same organ-pipe, the velocity of sound in each respec- 
tive gas being immediately deduced from the pitch of its 
note. With a pipe of constant length the pitch, or, in 
other words, the number of vibrations, would be directly 
proportional to the velocity. Thus, comparing oxygen 
with hydrogen, we should find the note of the latter 
the double octave of that of the former, whence we should 
infer the velocity of sound in hydrogen to be four times 
its velocity in oxygen. The same remark applies to ex- 
periments with liquids. Here also the same pipe may be 
employed throughout, the velocities being inferred from 
the notes produced by the respective liquids. 

In fact, the length of an open pipe being, as already 
explained, one-half the length of its sonorous wave, it is 
only necessary to determine, by means of the syren, the 
number of vibrations executed by the pipe in a second, 
and to multiply this number by twice the length of the 
pipe, in order to obtain the velocity of soimd in the 
gas within the pipe. Thus, an open pipe 26 inches long 
and filled with air, executes 256 vibrations in a second. 
The length of its sonorous wave is 4 J feet : multiply 256 
by 4 J, we obtain 1,120 feet per second as the velocity of 
sound through air of this temperature. Were the tube 
filled with carbonic acid gas, its vibrations would be slower ; 
were it filled with hydrogen, its vibrations would be quicker ; 
and applying the same principle, we should find the velocity 
of sound in both these gases. 



. I 



192 LECTURE V. 

The application of this principle, moreover, is not re- 
stricted to gases. The length of an open pipe sounding in 
water, is half that of the sonorous wave which it generates 
in water. So likewise the length of a solid rod free at 
both ends, and sounding its fundamental note, is half that 
of the sonorous wave in tJie substance of the solid. Hence 
we have only to determine the rate of vibration of such a 
rod, and multiply it by twice the length of the rod, to ob- 
tain the velocity of sound in the substance of the rod. 
You can hardly fail to be impressed by the power which 
physical science has given us over these problems ; nor 
will you refuse your admiration to that famous old in- 
vestigator, Chladni, who taught us how to master them 
experimentally. 



REEDS AND REED-PIPES. 

The construction of the syren, and our experiments 
with that instrument, are, no doubt, fresh in your recol- 
lection. The musical sounds were there produced by the 
cutting up into puflFs of a series of air currents. The 
same purpose is eflfected by a vibrating reed, as we find 
it employed in the accordion, the concertina, and the 
harmonica. In these instruments it is not the vibrations 
of the reed itself, which, imparted to the air, and trans- 
mitted through it to our organs of hearing, produce the 
music ; the function of the reed is constructive, not gene- 
rative ; it moulds into a series of discontinuous pufiFs, that 
which without it would be a continuous current of air. 

Eeeds, if associated with organ-pipes, sometimes com- 
mand, and are sometimes commanded by, the vibrations 
of the column of air. When they are stiflF th6y rule the 
column; when they are flexible the column rules them. 
In the former case, to derive any advantage from the air- 
column, its length ought to be so regulated that either its 
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fundamental tone or one of its overtones shall correspond 

Fig. 101. 
V 





Fig. 102. 



h 



to the rate of vibration of the reed. The metal reed 
commonly employed in organ-pipes is shown in fig. 101, A 
and B, both in perspective and in section. 
It consists of a long and flexible strip 
of metal v, v, placed in a rectangular ori- 
fice through which the current of air 
enters the pipe. The manner in which 
the reed and pipe are associated is here 
shown. The front, b c, fig. 102, of the 
space containing the flexible tongue, is 
of glass, so that you may see the tongue 
within it. A conical pipe, A b, surmounts 
the reed.* The wire shown pressing 
against the reed is employed to lengthen 
or shorten it, and thus to vary with- 
in certain limits its rate of vibration. 
The reed formerly employed closed the 
aperture by simply falling against its 
sides; every stroke of the reed pro- 
duced a tap, and these linked themselves 
together to |in unpleasant, screaming 



* The clear cuts of organ-pipes and reeds intro- 
duced here, and at p. 183, have been substantially 
copied from the excellent work of Helmholtz. Pipes 
opening ^th hinges so as to show their inner parts, 
were shown in the lecture. 
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sound, which materially injured that of the associated 
organ-pipe. This was mitigated, but not removed, by per- 
mitting the reed to strike against soft leather ; but the reed 
now employed is the free reed^ which vibrates to and fro be- 
tween the sides of the aperture, almost, but not quite, filling 
it. In this way the unpleasantness referred to is avoided. 
When reed and pipe synchronise perfectly, the sound is 
most pure and forcible ; a certain latitude, however, is 
possible on both sides of perfect synchronism. But if 
the discordance be pushed too far, the tube ceases to be 
of any use. We then obtain the sound due to the vibra- 
tions of the reed alone. 

Flexible wooden reeds aie also employed in organ-pipes, 
and such reeds can accommodate themselves to the require- 
ments of the pipes above them. Perhaps the simplest 
illustration of the action of a reed which is commanded 
by its aerial column is furnished by a common wheaten 
straw. At about an inch from a knot I bury my pen- 
knife in this straw, sr^, fig. 103, to a depth of about one- 
fourth of the straw's diameter, and, turning the blade 
flat, I pass it upwards towards the knot, thus raising 
a strip of the straw nearly an inch in Jength. This strip. 

Fig. 108. 



r r\ is to be our reed, and the straw itself is to be our 
pipe. It is now eight inches long. I blow into it, 
and you hear this decidedly musical sound. I now cut it 
so as to make its length six inches ; the p\,tch is higher : 
I make it four inches ; the pitch is higher still. I make it 
two inches ; the sound is now very shrill indeed. In all 
these experiments we had the same reed, which was 
compelled to accommodate itself throughout to the re- 
quirements of the vibrating column of air. 
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The clarionet is a reed pipe. It has a single broad 
tongue, with which a long cylindrical tube is associated. 
The reed end of the instrument is grasped by the lips, and 
by their pressure the slit between the reed and its frame 
is narrowed to the required extent. The overtones of a 
clarionet are diflferent from those of a flute. A flute is an 
open pipe, a clarionet a stopped one, the end at which the 
reed is placed answering to the closed end of the pipe. 
The tones of a flute follow the order of the natural num- 
bers, 1, 2, 3, 4, &c., or of the even numbers, 2, 4, 6, 8, 
&c. ; while the tones of a clarionet follow the order of the 
odd numbers, 1, 3, 5, 7, &c. The intermediate notes 
are supplied by opening the lateral orifices of the instru- 
ment. Mr. Wheatstone was the first to make known 
this difference between. the flute and clarionet, and his 
results agree with the recent investigations of Helmholtz. 
In the hautboy and bassoon we have two reeds inclined 
to each other at a sharp angle, with a slit between 
them, through which the air is urged. The pipe of 
the hautboy is conical^ and its overtones are those of an 
open pipe, — different, therefore, from those of a clarionet. 
The pulpy end of a straw of green corn may be split 
by squeezing it, so as to form a double reed of this 
kind, and such a straw yields a musical tone. In the horn, 
trumpet, and serpent, the performer's lips play the part 
of the reed. These instruments are formed of long conical 
tubes, and their overtones are those of an open organ pipe. 
The music of the older instruments of this class was limited 
to their overtones, the particular tone elicited depending 
on the force of the blast and the tension of the lips. It 
is now usual to fill the gaps between the successive over- 
tones by means of keys, which enable the performer to 
vary the length of the vibrating column of air. 

The most perfect of reed instruments is the organ of 
voice. The vocal organ in inan is placed at the top of the 

o 2 
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trachea or windpipe, the head of which is adjusted for the 
attachment of certain elastic bands which almost close the 
aperture. When the air is forced from the lungs through 
the slit which separates these vocal chorda^ they are 
thrown into vibration ; by varying their tension, the rate 
of vibration is varied, and the sound changed in pitch. 
The vibrations of the vocal chords are practically un- 
affected by the resonance of the mouth, though we shall 
afterwards learn that this resonance, by reinforcing one 
or the other of the tones of the vocal chords, influences 
in a striking manner the clang-tint of the voice. The 
sweetness and smoothness of the voice depend on the 
perfect closure of the slit of the glottis at regular intervals 
during the vibration. Were the apparatus of the voice 
that now addresses you examined, it would doubtless ap- 
pear, either that the edges of the vocal chords are more or 
less serrated, or that they strike each other, or that they 
imperfectly close the slit during their vibration, the harsh- 
ness of tone which you tolerate so patiently being thus 
accounted for. 

The vocal chords may be illuminated and viewed in a 
Fig. 104. mirror placed suitably at the back 

of the mouth. I once sought to 
project the larynx of M. Czermak, 
upon a screen in this room, but 
with only partial success. The 
organ may, however, be viewed 
directly in the laryngoscope; its 
motions, both in singing, speak- 
ing, and coughing, being strikingly 
visible. It is represented at rest 
in fig. 104. The roughness of the 
voice in colds is due, according to 
Helmholtz, to mucous flocculi, which get into the slit of the 
glottis, and which are seen by means of the laryngoscope. 
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The squeaking falsetto voice with which some persons 
are aflBiicted, Helmholtz thinks may be produced by the 
drawing aside of the mucous layer which ordinarily lies 
under and loads the vocal chords. Their edges thus be- 
come sharper, and their weight less ; while their elasticity 
remaining the same, they are shaken into more rapid 
tremors. The promptness and accuracy with which the 
vocal chords can change their tension, their form, and 
the width of the slit between them ; to which must be 
added the elective resonance of the cavity of the mouth, 
renders the voice the most perfect of musical instru- 
ments. 

The celebrated comparative anatomist, John Miiller, 
imitated the action of the vocal chords by means of bands 
of india-rubber. He closed the open end of a glass tube 
by two strips of this substance, leaving a slit between 
them. On urging air through the slit, the bands were 
thrown into vibration, and a musical tone produced. 
Helmholtz recommends the form shown in fig. 105, where 
the tube, instead of ending in a section at right angles 
to its axis, terminates in two oblique sections, over which 
the bands of india-rubber are 
drawn. The easiest mode of 
obtaining sounds from reeds of 
this character is to roll round the 
end of a glass tube a strip of 
thin india-rubber, leaving about 
an inch of the substance project- 
ing beyond the end of the tube. 
Taking two opposite portions of 

the projecting rubber in the fingers, and stretching it, 
a slit is formed, the blowing through which produces a 
musical sound, which varies in pitch, as the sides of the 
slit vary in tension. 

The formation of the vowel sounds of the human voice 
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excited long ago philosophic enquiry. We can distinguish 
one vowel sound from another, while assigning to both 
the same pitch and intensity. WTiat, then, is the quality 
which renders the distinction possible? In the year 1779, 
this was made a prize question by the Academy of St. 
Petersburg, and Kratzenstein gained the prize for the 
successful manner in which he imitated the vowel sounds 
by mechanical arrangements. At the same time Von 
Kempelen, of Vienna, made similar and more elaborate 
experiments. The question was subsequently taken up 
by Mr. Willis, who succeeded, beyond all his predecessors, 
in the experimental treatment of the subject. The theory 
of vowel sounds was first stated by Mr. Wheatstone, and 
quite recently they have been made the subject of ex- 
haustive enquiry by Helmholtz. With your present 
amount of knowledge you will find little difficulty in 
comprehending their origin. 

Here, you observe, I have a free reed fixed in a frame, 
but without any pipe associated with it. I mount the 
reed on the acoustic bellows, and, urging air through its 
orifice, cause it to speak in this forcible manner. I now 
fix upon the frame of the reed a pjrramidal pipe: you 
notice a change in the clang-tint, and by pushing my flat 
hand over the open end of the pipe, the similarity 
between the sounds produced and that of the human 
voice is immistakable. Holding the palm of my hand 
over the end of the pipe, so as to close it altogether, 
and then raising my hand twice in quick succession, the 
word * mamma ' is heard as plainly as if it were uttered by 
an infant. For this pyramidal tube I now substitute a 
shorter one, and with it make the same experiment. The 
' mamma ' now heard is exactly such as would be uttered 
by a child with a stopped nose. Thus, by associating 
with a vibrating reed a suitable pipe, we can impart to 
the sound of the reed the quaUties of the human voice. 
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Now, in the vocal organ of man, you have your reed in 
the vocal chords, and associated with this reed you have the 
resonant cavity of the mouth, which can so alter its shape 
as to resound, at will, either to the fundamental tone of 
the vocal chords or to any of their overtones. Through 
the agency of the mouth we can mix together the funda- 
mental tone and the overtones of the voice in dififerent 
proportions, and the dififerent vowel sounds are due to 
dififerent admixtures of this kind. I have here a series of 
tuning-forks, one of which I strike, and placing it before 
my mouth, adjust the size of that cavity until it resounds 
forcibly to the fork. When this is done, I remove the 
fork, and without altering in the least the shape or size 
of my mouth, I urge air through the glottis. I obtain the 
vowel sound u (o o in hoop) and no other. I take another 
fork, strike it, place it in front of the mouth, and adjust 
the cavity to resonance. After efifecting this, I remove the 
fork and simply urge air through the glottis ; I obtain the 
vowel sound o, and it is all that I can utter. Again, I take 
a third fork, adjust my mouth to it, and then urge air 
through the larynx ; the vowel sound ah ! and no other, 
is heard. In all these cases the vocal chords have been 
in the same constant condition. They have generated 
throughout the same fundamental tone and the same over- 
tones, and the changes of sound which you have heard are 
due solely to the fact, that dififerent tones in the dififerent 
cases have been reinforced by the resonance of the mouth. 
Bonders first proved that the mouth resounded dififerently 
for the dififerent vowels. 

Eetaining the same fundamental tone, by the addition 
of other tones, or by the variation of the intensity of 
the fundamental, or of any particular member or members 
of its series of overtones, we can alter the quality of the 
clang, and it is by such additions and variations that we 
produce the dififerent clang-tints of the human voice. It 
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was enunciated by Ohm, and it has been experimentally 
proved by Helmholtz, that every clang, however compli- 
cated, may be reduced to a series of simple tones, beginning 
with the fundamental or deepest tone of the clang ; and 
rising through others, whose rates of vibration are multi- 
ples of the rate of the fundamental. Let us call the fun- 
damental tone of a clang the first tone, and let us call the 
tones whose rates of vibration correspond to twice, three 
times, four times, five times, &c., that of the fundamental, 
the second tone, the third tone, the fourth tone, the fifth 
tone, and so forth. This will enable us to define with 
greater clearness the manner in which such tones are 
blended in the production of vowel sounds. 

For the production of the sound u (oo in hoop), I 
must push my lips forward, so as to make the cavity of 
the mouth as deep as possible, at the same time making 
the orifice of the mouth small. This arrangement corre- 
sponds to the deepest resonance of which the mouth is 
capable. The fundamental tone of the vocal chords is 
here reinforced, while the higher tones are thrown into 
the shade. The u is rendered a little more perfect when 
a feeble third tone is added to the fundamental. 

The vowel o is pronounced when the mouth is so far 
opened that the fundamental tone is accompanied by its 
strong higher octave. A very feeble accompaniment of the 
third and fourth tones is advantageous, but not necessary. 

The vowel a derives its character from the third tone, 
to strengthen which by resonance the orifice of the month 
must be wider, and the volume of air within it smaller 
than in the last instance. The second tone ought to be 
added in moderate strength, whilst weak fourth and fifth 
tones may also be included with advantage. 

To produce £ the fundamental tone must be weak, the 
second tone comparatively strong, the third very feeble, 
but the fourth, which is characteristic of this vowel, must 
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be intense. A moderate fifth tone maybe added. No 
essential change, however, occurs in the character of the 
sound when the third and fifth tones are omitted. In 
order to exalt the higher tones which characterise the 
vowel sound e^ the resonant cavity of the mouth must 
be small. 

In the production of the sound Ah! the higher overtones 
come principally into play ; the second tone may be entirely 
neglected; the third rendered feebly; the higher tones, 
particularly the fifth and seventh, being added strongly. 

These examples suflSciently illustrate the subject of 
vowel sounds. We may blend in various ways the elemen- 
tary tints of the solar spectrum, producing innumerable 
composite colours by their admixture. Out of violet and 
red we produce purple, and out of yellow and blue we 
produce white. Thus also may elementary sounds be 
blended so as to produce all possible varieties of clang- 
tint. After having resolved the human voice into its con- 
stituent tones, Helmholtz was able to imitate these tones 
by tuning-forks, and, by combining them appropriately 
together, to produce the clang-tint« of all the vowels. 

Mistakes as to the fundamental tone of a clang may 
readily arise from the admixture of the higher tones. 
Before you is a heavy tuning-fork mounted on a large re- 
sonant case, and yielding, when excited, a deep and power- 
ful tone. I stand near the case while the fork is sounding, 
and utter the vowel u (o o in hoop), in unison with the fork. 
The beats heard when I rise a little above, or fall a little 
below, the tone of the fork, declare the proximity of unison. 
I change the vowel sound from u to o; the beats are 
heard as before, which proves that the fundamental tone is 
unchanged in pitch : but you would be inclined to regard 
the sound of my voice as higher than before. The in- 
crease of sharpness is due, not to the heightening of the 
fundamental, but to the addition of the higher octave, which 
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Helmholtz has shown to be a necessary constituent of the 
o. The same remark applies, with even greater force, to 
the other vowels. Their apparent rise in pitch is due to 
the addition of the sharper overtones to the same constant 
fundamental. In her highest notes an opera-singer finds 
the vowel u a diflBculty. The vowel e, for example, may 
be rendered after the utterance of u has ceased to be 
possible. ' 

Unwilling to interrupt the <;ontinuity of our reasonings 
and experiments on the sounds of organ pipes, and their 
relations to the vibrations of solid rods, I have reserved' 
for the conclusion of this discourse some reflections and 
experiments which, in strictness, belong to an earlier* 
portion of the lecture. You have already heard the 
tones, and made yourselves acquainted with the various 
modes of division of a glass tube, free at both ends, 
when thrown into longitudinal vibration. When it 
sounds its fundamental tone, you know that the two 
halves of such a tube lengthen and shorten in quick 
alternation. If the tube were stopped at its ends, 
the vibrating stopper would throw the air within the 
tube into a state of vibration ; and if the velocity of 
sound in air were equal to its velocity in glass, the 
air of the tube would vibrate in synchronism with the 
tube itself. But the velocity of sound in air is far less 
than its velocity in glass, and hence, if the column of 
air is to synchronise with the vibrations of the tube 
which contains it, it can only do so by dividing itself 
into vibrating segments of a suitable length. In an in- 
vestigation of gi*eat interest, recently published in Pog- 
gendorff's Annalen, M. Kundt of Berlin has taught us 
how these segments may be rendered visible. I take a quan- 
tity of the light powder of lycopodium, and introducing it 
into this six-foot tube, shake it all over the interior sur- 
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face : a small quantity of the powder clings to that surface. 
I stop the ends of the tube, clasp the middle in my hand, 
or, better still, I hold it at the centre by a fixed clamp, 
and sweep a wet cloth briskly over one of its halves. In- 
stantly the powder, which a moment ago was clinging to 
its interior surface, falls to the bottom of the tube in the 
forms shown in fig. 106, the arrangement of the lycopo- 
dium marking the manner in which the column of air has 

Fig. 106. 



divided. Every node here is encircled by a ring of diist, 
while from node to node the dust arranges itself in trans- 
verse streaks along the ventral segments. 

You will have little difficulty in seeing that we perform 
here, with air, substantially the same experiment as that of 
M. Melde with a vibrating string. When the string was 
too long to vibrate as a whole, it met the requirements 
of the tuning-fork to which it was attached by dividing 
into ventral segments. Now, in all cases, the length 
from a node to its next neighbour is half that of the 
sonorous wave : how many such half waves have we in 
our tube in the present instance? Sixteen (the figure 
shows only four of them). But the length of our glass 
tube vibrating thus longitudinally, is also half that of the 
sonorous wave in glass. Hence, in the case before us, 
with the same rate of vibration, the length of the semi- 
wave in glass is sixteen times the length of the semi-wave 
in air. In other words, the velocity of sound in glass is six- 
teen times its velocity in air. Thus, by a single sweep of 
the wet rubber, we solve a most important problem. But, as 
M. Kundt has shown, we need not confine ourselves to air. 
Introducing any other gas into the tube, a single stroke of 
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our wet cloth enables us to determine the relative velocity 
of sound in that gas and in glass. When hydrogen is 
introduced, the number of ventral segments is less ; when 
carbonic acid is introduced, the number is greater than 
in air. 

From the known velocity of sound in air, coupled with 
the length of one of these dust segments, we can imme- 
diately deduce the number of vibrations executed in a 
second by the tube which contains the divided column of 
air. Clasping a glass tube at its centre and drawing 
my wetted cloth over one of its halves, I elicit this shrill 
note. The length of every dust segment, now within the 
tube, is 3 inches. Hence the length of the aerial sonorous 
wave corresponding to this note is 6 inches. But the 
velocity of sound in air of our present temperature is 
1,120 feet per second ; and this distance would embrace 
2,240 of our sonorous waves. This number, therefore, 
expresses the rate of vibration per second, corresponding 
to the note just sounded. 

Instead of damping the centre of the tube, and making 
it a nodal point, we may employ any other of its sub- 
divisions. Laying hold of it, for example, at a point mid- 
way between its centre and one of its ends, and rubbing 
it properly, we know that it divides into three vibrating 
parts, separated by two nodes. We also know that in this 
division the note elicited is the octave of that heard when 
a single node is formed at the middle of the tube; for the 
vibrations are then twice as rapid. If, therefore, we divide 
the tube, having air within it, by two nodes instead of 
one, the number of ventral segments revealed by the ly- 
copodium dust will be thirty-two instead of sixteen. The 
same remark applies, of course, to all other gases. 

Filling a series of four tubes with air, carbonic acid, 
coal gas, and hydrogen, and then rubbing each so as to 
produce two nodes, M. Kundt found the number of dust 



SOUND FIGURES WITHIN TUBES. 205 

segments formed withia the tube in the respective eases 
to be as follows : — 



Air ... 


. 32 dust segments. 


Carbonic add 


. 40 


Coal gas 


. 20 


Hydrogen 


. 9 



32 
40 


- 


0-8 


32 
20 


- 


1-6 


32 
9 


- 


3-66 



The velocities of sound through the gases are inversely 
proportional to these numbers. Calling the velocity in 
air unity, the following fractions express the ratio of this 
velocity to those in the other gases : — 

Carbonic acid 
Coal gas 
Hydrogen 

Referring to a table introduced in our first lecture, we 
learn that Dulong, by a totally different mode of experi- 
ment, found the velocity in carbonic acid to be 0'97, and 
in hydrogen 3*8 times the velocity in air. The results of 
Dulong were deduced from the sound of organ pipes filled 
with the various gases ; but here, by a process of the utmost 
simplicity, we arrive at a close approximation to his results. 
Dusting the interior surfaces of our tubes, filling them with 
the proper gases, and sealing their ends, they may be 
preserved for an indefinite length of time. By properly 
shaking one of them at any moment, its inner surface 
becomes thinly coated with the dust ; and afterwards a 
single stroke of the wet cloth produces the division from 
which the velocity of sound in the gas may be immediately 
inferred. 

Savart found that a spiral nodal line is formed round 
a tube or rod when it vibrates longitudinally, and Seebeck 
showed that this line was produced, not by longitudinal, 
but by secondary transversal vibrations. Now this spiral 
nodal line tends to complicate the division of the dust 
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^'^ }!^^' ^ ^^^ present experiments. It is, therefore, de- 
sirable to operate in a manner which shall alto- 
gether avoid the formation of this line ; M. Kundt 
has accomplished this, by exciting the longitudinal 
vibrations in one tube, and producing the division 
into ventral segmentB in another which fits into the 
first like a piston. Before you is a tube of glass, 
fig. -107, seven feet long, and two inches inter- 
nal diameter. One end of this tube is filled by 
the movable stopper, 6. The other end, K K, is 
also stopped by a cork, through the centre of 
which passes the narrower tube, a a, which is firmly 
clasped at its middle by the cork, k k. The end of 
the interior tube, a a, is also closed with a projecting 
stopper, a, almost" sufficient to fill the larger tube, 
but still fitting into it so loosely that the friction 
of a against the interior surface is too slight to 
interfere practically with the vibrations of the 
stopper. The interior surface between a and b 
being lightly coated with the lycopodium dust, I 
pass a wet cloth briskly over ak; instantly the 
dust between a and 6 divides into a number of ven- 
tral segments. When the length of the column of 
"^'^ air, a 6, is equal to that of the tube of glass, a a, 
the number of ventral segments is sixteen. When, 
as in the figure, a 6 is only one-half the length of 
A a, the number of ventral segments is eight. 

But here you must perceive that the method of 
experiment is capable of great extension. Instead 
of the glass tube, A a, we may employ a rod of any 
other solid substance — of wood or metal, for ex- 
ample, and thus determine the relative velocity of 
A sound in the solid and in air. In the place of the 
glass tube, I put a rod of brass of equal length, and 
rubbing its external half by a resined cloth, cause it 
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to divide the column a h into the number of ventral 

segments proper to the metal's rate of vibration. In 

this way M. Kundt operated with brass, steel, glass, and 

copper, and his results prove the method to be capable of 

great accuracy. Calling, as before, the velocity of sound 

in air unity, in three dififerent series of experiments, the 

following numbers expressive of the ratio of the velocity 

of sound in brass to its velocity in air were obtained: — 

1st experiment 10*87 

2nd experiment , . . . . 10'87 
3rd experiment 10-86 

The coincidence is here extraordinary. To illustrate 
the possible accuracy of the method, I may add that 
the length of the individual dust segments was measured. 
In a series of twenty-seven experiments, this length was 
found to vary between 43 and 44 millimetres (each mil- 
limetre -^th of an inch), never rising so high as the 
latter, and never falling so low as the former. The 
length of the metal rod, compared with that of one of the 
segments capable of this accurate measurement, gives us 
at once the velocity of sound in the metal, as compared 
with its velocity in air. 

Three distinct experiments, performed in the same 
manner, gave the following velocities through steel, the 
velocity through air, as before, being regarded as unity : — 

1st experiment 16'34 

2nd experiment 15*33 

3rd experiment 15*34 

Here the coincidence is quite as perfect as in the case of 
brass. 

In glass, by this new mode of experiment, the velocity 
was foimd to be 

16*26* 

* The velocity in glass yaries with the quality of the glass ; the result of 
each experiment has therefore reference only to the particular kind of glass 
employed in the experiment. 
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Finally, in copper the velocity was found to be 

11-96. 

These results agree extremely well with those obtained by 
other methods. Wertheim, for example^ found the velocity 
of sound in steel wire to be 1 5*108 ; M. Kundt finds it to 
be 15'34 : Wertheim also found the velocity in copper to 
be 11'17 ; M. Kundt finds it to be 11 '96. The differences 
are not greater than might be produced by differences in 
the materials employed by the two experimenters. 

The length of the aerial column may or may not be an 
exact multiple of the wave length, corresponding to the 
rod's rate of vibration. If not, the dust segments take 
the form shown in fig. 108. But if, by means of the 

Fig. 108. 



E 



stopper, the column of air be made an exact multiple 
of the wave-length, then the dust quits the vibrating seg- 
ments altogether, and forms, as in fig. 109, little isolated 
heaps at the nodes. And here a difficulty presents 

Fio. 109. 



itself. The stopped end b of the tube fig. 107 is, of 
course, a place of no vibration, where in all cases a nodal 
dust-heap is formed ; but whenever the column of air was 
an exact multiple of the wave-length, M. Kundt always 
found a dust-heap close to the end a of the rod. Thus 
the point from which all the vibration emanated seemed 
itself to be a place of no vibration. 

This difficulty was pointed out by M. Kundt, but he did 
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not attempt its solution. I trust we are now in a con- 
dition to explain it. In Lecture III., I had occasion to 
remark that in strictness a node is not a place of no 
vibration ; that it is a place of minimum vibration ; and 
that by the addition of the minute pulses which the node 
permits, vibrations of vast amplitude may be produced. 
The ends of M. Kundt's tube are such points of minimum 
motion, the lengths of the vibrating segments being such, 
that by the coalescence of direct and reflected pulses, the 
air at a distance of half a ventral segment from the end 
of the tube vibrates much more vigorously than that at 
the end of the tube itself. This addition of impulses 
is more complete when the aerial column is an exact 
multiple of the wave-length, and hence the reason why, 
in this case, the vibrations become intense enough to 
sweep the dust altogether away from the vibrating seg- 
ments. The same point is illustrated by M. Melde's 
experiments, in which the tuning-forks, whi(ih are the 
sources of all the motion, are themselves nodes. 

An experiment of Helmholtz's is here capable of in- 
structive application. I hold in my hand a timing- 
fork which executes 512 complete vibrations in a second. 
I stretch the string of the sonometer described in our 
third lecture over its two bridges, and place the iron 
stem of the tuning-fork upon the string. At present 
you hear no augmentation of the sound of the fork ; the 
string remains quiescent. But I move the fork along the 
string, and here, at the number 33, a loud note suddenly 
issues from the string. With this particular tension the 
length 33 exactly synchronises with the vibrations of the 
fork. By the intermediation of the string, therefore, the 
fork is enabled to transfer its motion to the sonometer, 
and through it to the air. Maintaining the fork at the 
proper point, the sound continues as long as the fork 
vibrates. The least movement right or left from this 

p 
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point causes a sudden fall of the sound. I now tighten 
the string by means of the key. The note disappears; 
in fact it requires a greater length of this more highly ten- 
sioned string to respond to the fork. I therefore move 
the fork further away, and at the number 36 the note again 
bursts forth ; tightening still more, I find 40 to be the 
point where the note is produced with maximum power. 
I now slacken the string. This slacker wire must be 
shortened in order to make it respond to the fork. I 
therefore move the fork towards the end of the string, 
and at the number 25 I find the note as before. Again I 
shift the fork to 35 ; nothing is heard ; but by turning 
the key cautiously, I move the point of synchronism, 
if I may use the term, further from the end of the 
string. It finally reaches the fork, and at that moment 
a clear full note issues from the sonometer. In all cases, 
before the exact point is attained, and immediately in its 
vicinity, we hear * beats,' which, as we shall afterwards 
understand, are due to the coalescence of the sound of the 
fork with that of the string, when they are nearly but not 
quite in unison with each other. 

In all these experiments, when the length of wire 
between the tuning-fork and the bridge is such as to 
synchronise with the vibration of the fork, that vibration 
is transmitted through the wire to the box of the sonometer, 
and thence to the surrounding air. In every case the point 
on which the fork rests is a nodal point It constitutes 
the comparatively fixed extremity of the wire whose 
vibrations synchronise with those of the fork. The case 
is exactly analogous to that of the hand holding the india- 
rubber tube, and to the tuning-fork in the experiments of 
M. Melde. It is also an effect precisely the same in kind 
as that observed by M. Kundt, where the end of the 
column of air in contact with his vibrating rod proved to 
be a node instead of the middle of a ventral segment. 
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ADDENDUM REGARDING RESONANCE. 

The resonance of caves and of rocky enclosures is well 
known. Bunsen notices the thunder-like sound produced 
when one of the steam jets of Iceland breaks out near the 
mouth of a cavern. Most travellers in Switzerland have 
noticed the deafening sound produced by the fall of the 
Eeuss at the Devil's Bridge. The noise of the fall is raised 
by resonance to the intensity of thunder. The sound heard 
when a hollow shell is placed close to the ear is a case of 
resonance. Children think they hear in it the sound of 
the sea. The noise is really due to the reinforcement of 
the feeble sounds with which even the stillest air is per- 
vaded. By using tubes of different lengths, the varia- 
tion of the resonance with the length of the tube may be 
noticed. The channel of the ear itself is also a resonant 
cavity. When a poker is held by two strings, and when 
the fingers of the hands holding the poker are thrust 
into the ears, on striking the poker against a piece of 
wood, a sound is heard as deep and sonorous as that 
of a cathedral bell. When open, the channel of the ear 
resounds to not^s whose periods of vibration are about 
3,000 per second. This has been shown by Helmholtz, 
and a German lady, named Seller, has found that dogs 
which howl to music are particularly sensitive to the same 
notes. 
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SUMMAEY OF LECTUEE V. 

When a stretched wire is suitably rubbed, in the 

direction of its length, it is thrown into longitudinal 

• vibration : the wire can either vibrate as a whole or divide 

itself into vibrating segments separated from each other 

by nodes. 

The tones of such a wire follow the order of the num- 
bers 1, 2, 3, 4, &c. 

The transverse vibrations of a rod fixed at both ends do 
not follow the same order as the transverse vibrations of a 
stretched wire ; for here the forces brought into play, as 
explained in Lecture IV., are dififerent. But the longitu- 
dinal vibrations of a stretched wire do follow the same 
order as the longitudinal vibrations of a rod fixed at both 
ends, for here the forces brought into play are the same, 
being in both cases the elasticity of the material. - 

A rod fixed at one end vibrates longitudinally as a 
whole, or it divides into two, three, four, &c. vibratihg 
parts, separated from each other by nodes. The order of 
the tones of such a rod is that of the odd numbers 1, 3, 
5, 7, &c. 

A rod free at both ends can also vibrate longitudinally. 
Its lowest note corresponds to a division of the rod into 
two vibrating parts by a node at its centre. The over- 
tones of such a rod correspond to its division into three, 
four, five, &c. vibrating parts, separated from each other 
by two, three, four, &c. nodes. The order of the tones of 
such a rod is that of the numbers 1, 2, 3, 4, 5, &c. 
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We may also express the order by saying that while the 
tones of a rod fixed at both ends follow the order of the odd 
numbers 1 , 3, 5, 7, &c., the tones of a rod free at both 
ends follow the order of the even numbers 2, 4, 6, 8, &c. 

At the points of maximum vibration the rod suflfers no 
change of density ; at the nodes, on the contrary, the 
changes of density reach a maximum. This may be 
proved by the action of the rod upon polarised light. 

Columns of air of definite length resound to timing-forks 
of definite rates of vibration. 

The length of a column of air which most perfectly 
resounds to a fork is one-fourth of the length of the 
sonorous wave produced by the fork. 

This resonance is due to the synchronism which exists 
between the vibrating period of the fork and that of the 
column of air. 

By blowing across the mouth of a tube closed at one 
end, we produce a flutter of the air, and some pulse of 
this flutter may be raised by the resonance of the tube to 
a musical sound. 

The sound is the same as that obtained when a tuning- 
fork, whose rate of vibration is that of the tube, is placed 
over the mouth of the tube. 

When a tube closed at one end — a stopped organ -pipe 
for example — sounds its lowest note, the column of air 
within it is undivided by a node. The overtones of such 
a column correspond to its division into parts, like those of 
a rod fixed at one end and vibrating longitudinally. The 
order of its tones is that of the odd numbers 1, 3, 5, 7, 
&c. That this must be the order follows from the manner 
in which the column is divided. 

In organ-pipes the air is agitated by causing it to issue 
from a narrow slit, and to strike upon a cutting edge. 
Some pulse of the flutter thus produced is raised by the 
resonance of the pipe to a musical sound. 
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When, instead Of the aerial flutter, a tuning-fork of the 
proper rate of vibration is placed at the embouchure of an 
organ-pipe, the pipe speaks in response to the fork. In 
practice, the organ-pipe virtually creates its own tuning- 
fork, by compelling the sheet of air at its emb«uchure to 
vibrate in periods synchronous with its own. 

An open organ-pipe yields a note an octave higher 
than that of a closed pipe of the same length. This re- 
lation is a necessary consequence of the respective modes 
of vibration. 

When> for example, a stopped organ -pipe sounds its 
deepest note, the column of air, as already explained, is 
undivided. When an open pipe sounds its deepest note, 
the column is divided by a node at its centre. The open 
pipe in this case virtually consists of two stopped pipes 
with a common base. Hence it is plain that the note of 
an open pipe must be the same as that of a stopped 
pipe of half its length. 

The length of a stopped pipe is one-fourth that of the 
sonorous wave which it produces, while the length of an 
open pipe is one-half that of its sonorous wave. 

The order of the tones of an open pipe is that of the even 
numbers 2, 4, 6, 8, &c., or of the natural numbers 1, 2, 
3, 4, &c. 

In both stopped and open pipes the number of vibrations 
executed in a given time is inversely proportional to the 
length of the pipe. 

The places of maximum vibration in organ-pipes are 
places of minimum change of density ; while at the places 
of minimum vibration the changes of density reach a 
maximum. 

The velocities of sound in gases, liquids, and solids may 
be inferred from the tones which equal lengths of them 
produce ; or they may be inferred from the lengths of 
these substances which yield equal tones. 
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Reeds, or vibrating tongues, are often associated with 
vibrating columns of air. They consist of flexible laminae 
which vibrate to and fro in a rectangular orifice, thus 
rendering intermittent the air-current passing through the 
orifice. 

The action of the reed is the same as that of the syren. 
The flexible wooden reeds sometimes associated with 
organ-pipes are compelled to vibrate in unison with the 
column of air in the pipe ; other reeds are too stifle to be 
thus controlled by the vibrating air. In this latter case 
the column of air is taken of such a length that its vibra- 
tions synchronise with those of the reed. 

By associating suitable pipes with reeds we impart to 
their tones the qualities of the human voice. 

The vocal organ in man is a reed instrument, the 
vibrating reed in this case being elastic bands placed at 
the top of the trachea, and capable of various degrees of 
tension. 

The rate of vibration of these vocal chords is practically 
uninfluenced by the resonance of the mouth ; but the 
mouth, by changing its shape, can be caused to resound to 
the fundamental tone, or to any of the overtones of the 
vocal chords. 

By the strengthening of particular tones through the 
resonance of the mouth, the clang-tint of the voice is 
altered. 

The different vowel sounds are produced by different 
admixtures of the fundamental tone and the overtones of 
the vocal chords. 

When the solid substance of a tube stopped at one, or 
at both ends, is caused to vibrate longitudinally, the air 
within it is also thrown into vibration* 

By covering the interior surface of the tube with a light 
powder the manner in which the aerial column divides itself 

may be rendered apparent. From the division of the column 

1 
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the velocity of sound in the substance of the tube, com- 
pared with its velocity in air, may be inferred. 

Other gases may be employed instead of air, and the 
velocity of sound in these gases, compared with its velocity 
in the substance of the tube, may be determined. 

The end of a rod vibrating longitudinally may be caused 
to agitate a column of air contained in a tube, compelling 
the air to divide itself into ventral segments. These seg- 
ments may be rendered visible by light powders, and from 
them the velocity of sound in the substance of the 
vibrating rod, compared with its velocity in air, may be 
inferred. 

In this way the relative velocities of sound in all solid 
substances capable of being formed into rods, and of 
vibrating longitudinally, may be determined. 
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SOUNDING FLAMES— INFLUENCE OF THE TUBE SUEEOUNDING THE FLAME — 
INFLUENCE OP SIZE OF FLAME — HARMONIC NOTES OF FLAMES— EFFECT OF 
UNISONANT NOTES ON SINGING FLAMES — ACTION OP SOUND ON NAKED 
FLAMES — ^EXPERIMENTS "WITH FISH-TAIL AND BAT's-WING BX7RNERS ^EX- 
PERIMENTS ON TALL FLAMES — ^EXTRAORDINARY DELICACY OF FLAMES AS 
ACOUSTIC REAGENTS — THE VOWEL FLAME — ACTION OF CONVERSATIONAL 
TONES UPON FLAMES — ACTION OF MUSICAL SOUNDS ON UNIGNITED JETS 
OF GAS — CONSTITUTION OP WATER JETS — ^ACTION OF MUSICAL SOUNDS ON 
WATER JETS — A LIQUID VEIN MAY COMPETE IN POINT OF DELICACY WITH 
THE EAR. 

FRICTION is always rhythmic. WTien we pass a resined 
bow across a string, the tension of the string secures 
the perfect rhythm of the friction. When we pass the 
wetted finger round the edge of a glass, the breaking up 
of the friction into rhythmic pulses expresses itself in 
music. Savart's experiments prove the frictioa of a liquid 
against the sides of an orifice through which it passes to 
be competent to produce musical sounds. Wie have here 
the means of repeating his experiment. The tube A b, fig. 
110, is filled with water, its extremity, b^ being closed by 
a plate of brass, which is pierced by a circular orifice of a 
diameter equal to the thickness of the plate. Removing 
a little peg which stops the orifice, the water issues from 
it, and as it sinks in the tube a musical note of great sweet- 
ness issues from the liquid column. This note is due to the 
intermittent flow of the liquid through the orifice, by which 
the whole column above it is thrown into vibration. The 
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tendency to this effect shows itself when tea is poured 
from a teapot, in the circular ripples that cover the falling 
liquid. The same intermittence is observed in the black 
dense smoke which rolls in rhythmic rings from the funnel 
of a steamer. The unpleasant noise of unoiled machinery 
is also a declaration of the fact that the friction is not 
uniform, but is due to the alternate 
^bite' and release of the rubbing 
surfaces. 

Where gases are concerned friction 
is of the same intermittent character. 
A rifle bullet sings in its passage 
through the air; while to the rubbing 
of the wind against the boles and 
branches of the trees are to be as- 
cribed the * waterfall tones ' of an 
agitated pine-wood. Pass a steadily 
burning candle rapidly through the 
air ; an indented band of light, de- 
claring intermittence, is the conse- 
quence, while the almost musical 
sound which accompanies the ap- 
pearance of this band is the audible 
expression of the rhythm. On the 
other hand, if you blow gently 
against a candle flame, the fluttering 
noise announces a rhythmic action. We have already 
learned what can be done when a pipe is associated with 
such a flutter; we have learned that the pipe selects a 
special pulse from the flutter, and raises it by resonance 
to a musical sound. In a similar manner the noise of 
a flame may be turned to account. The blowpipe flame 
of our laboratory, for example, when enclosed within 
an appropriate tube, has its flutter raised to a musical 
roar. The special pulse first selected soon reacts upon the 
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flame so as to abolish in a great degree the other pulses, 
compelling the flame to vibrate in periods answering to 
the selected one. And this reaction can become so power- 
ful — the timed shock of the reflected pulses may ac- 
cumulate to such an extent — as to beat the flame, even 
when very large, into extinction. 

Nor is it necessary to produce this flutter by any extra- 
neous means. When a gas flame is simply enclosed within 
a tube, the passage of the air over it is usually sufficient 
to produce the necessary rhythmic action, so as to cause the 
flame to burst spontaneously into song. Not all, however, 
are aware of the intensity to which this flame-music may 
rise. I have here a ring burner with twenty-eight orifices, 
from which issues a gas flame. I place over the flame 
this tin tube, 5 feet long, and 2^ inches in diameter. 
The flame flutters at first, but it soon chastens its impulses 
into perfect periodicity, and a deep and clear musical 
note is the result. The quickness of its pulses depends 
in some measure on the size of the flame, and by lowering 
the gas I finally stop the note which is now sounded. 
After a momentary interval of silence, another note, which 
is the octave of the last, is yielded by the flame. The first 
note was the fundamental note of the tube which sur- 
rounds the flame: this is the first harmonic. In fact, 
here, exactly as in the case of open organ-pipes, we have 
the aerial column dividing itself into vibrating segments, 
separated from each other by nodes. 

Permit me now to try the efiect of this larger tube, a 6, 
fig. Ill, 15 feet long, and 4 inches wide, which was formed 
for a totally different use. It is supported by a steady 
stand 8 8\ and into it is lifted the tiiU burner, shown en- 
larged at B. You hear the incipient flutter ; you now hear 
the more powerful sound. As the flame is lifted higher the 
action becomes more violent, until finally a storm of music 
issues from the tube. And now all has suddenly ceased ; 
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the reaction of its own pulses upon the 
ilatne has beaten it into extinction. I now 
relight the flame and make it very small. 
When raised within the tube, the flame 
again sings, but it is one of the harmonics 
of the tube that you now hear. On 
turning the gas fully on, the note ceases 
— all is silent for a moment; but the 
storm is brev^ing, and soon it bursts forth, 
as at first, in a kind of hurricane of 
stmnd. By lowering the flame the funda- 
mental note is abolished, and now you hear 
the first harmonic of the tube. Making the 
fianie still smaller, the first harmonic dis- 
appears, and the second is heard. Your ears 
being disciplined to the apprehension of 
these sounds,! turn the gas once more fully 
on. Mingling with the deepest note you 
notice the harmonics, as if struggling to be 
heard amid the general uproar of the flame. 
With a large Bunsen's 
rose burner, the sound of 
this tube becomes power- 
ful enough to shake the 
floor and seats, and the 
large audience that oc- 
cupies the seats of this 
room, while the extinc- 
tion of the flame, by the 
reaction of the sonorous 
pulses, announces itself 
by an explosion almost 
as loud as a pistol shot. 
It must occur to you that 
a chimney is a tube of 
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this kind upon a large scale, and that the roar of a flame 
in a chimney is simply a rough attempt at music. 

I now pass on to shorter tubes and smaller flames. Here 
is a series of eight of them. Placing the tubes over the 
flames, each of them starts into song, and you notice that as 
the tubes lengthen the tones deepen. The lengths of these 
tubes are so chosen that they yield in succession the eight 
notes of the gamut. 
Eound some of them 
you observe a paper 
slider, s, fig. 112, by 
which the resounding 
tube can be length- 
ened or shortened. 
While the flame is 
sounding I raise the 
slider; the pitch in- 
stantly falls. I now 
lower the slider; the 
pitch instantly rises. 
These experiments 
prove the flame to be 
governed by the tube. 
By the reaction of the 
pulses, reflected back 
upon the flame, its 
flutter is rendered per- 
fectly periodic, the 
length of the period 
being determined, as 
in the case of organ-pipes, by the length of the tube. 

The fixed stars, especially those near the horizon, shine 
with an unsteady light, sometimes changing colour as they 
twinkle. I have often watched at night, upon the plateaux 
of the Alps, the alternate flash of ruby and emerald in 
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the lower and larger stars. Place a piece of looking-glass 
so that you can see in it the image of such a star ; on tilt- 
ing the glass quickly to and fro, the line of light obtained 
will not be continuous, but will form a string of coloured 
beads of extreme beauty. You obtain the same effect when 
you point an opera-glass at the star and shake it. This 
experiment teaches that in the act of twinkling the light 
of the star is quenched at intervals; the dark spaces 
between the bright beads corresponding to the periods of 
extinction. Now our singing flame is a twinkling flame. 
You observe a certain quivering motion when it begins 
to sing, and you may analyse that motion with a looking- 
glass, or an opera-glass, as in the case of the star.* I can 
now see the image of this flame in a small looking-glass. 
On tilting the glass, so as to cause the image to form 
a circle of light, the luminous band is not continuous, as 
it would be if the flame were perfectly steady ; it is re- 
solved into a beautiful chain of flames, fig. 113. 

With a larger, brighter, and less rapidly vibrating flame, 
Pio 113. y^^^^ ™^y ^'1 8^® ^his inter- 

mittent action. Over this gas 
flame, /, fig. 114, is placed a 
glass tube a b, 6 feet long, and 
2 inches in diameter. The tube 
is in part blackened, so as to 
prevent the light of the flauie 
from falling directly upon the 
screen, which it is now desirable to have as dark as 
possible. In front of the tube is placed a concave mirror, 
M, which forms upon the screen an enlarged image of 
the flame. I can turn the mirror with my hand and cause 
the image to pass over the screen. Were the flame silent 
and steady, we should obtain a continuous band of light ; 

* This experiment was first made with a hydrogen flame by Mr. 
Wheatstone. 
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but it quivers, and emits at the same time this deep and 
powerful note. On twirling the mirror, we obtain, instead 
of a continuous band, a series of images, o p^ forming 
a luminous chain. By turning fast, I separate these 




images more widely apart ; by turning slowly I cause 
them to close up, and thus the chain of flames is caused 
to undergo the most beautiful variations. Clasping the 
lower end, B, of the tube with my hand, I so impede the 
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air as to stop the flames' vibration. You have now a 
continuous band when the mirror is turned. Observe 
the suddenness with which this band breaks up into a 
rippling line of images the moment my hand is re- 
moved, and the current of air is permitted to pass over 
the flame. 

When a small vibrating coal-gas flame is carefully 
examined by the rotating mirror, the beaded line is a 
series of flame-images, each consisting of yellow tip resting 
upon a base of the richest blue. In some cases I have been 
unable to observe any union of one flame with another ; 
the spaces between the flames being absolutely dark to the 
eye. But if dark, the flame must have been totally ex- 
tinguished at intervals, a residue of heat, however, remain- 
ing suflScient to reignite the gas. This I believe to be 
possible, for gas may be ignited by non-luminous air.* By 
means of the syren, we can readily determine the number 
of times this flame extinguishes and relights itself in a 
second. As the note of the instrument approaches that 
of the flame, unison is preceded by these well-known beats, 
which become gradually less rapid, and now the two 
notes melt into perfect unison, blending together to a 
single stream of song. I will endeavour to maintain the 
syren at this pitch for a minute. At the end of this time 
I find recorded upon our dials 1,700 revolutions. But the 
disc being perforated by 16 holes, it follows that every 
revolution corresponds to 16 pulses. Multiplying 1,700 
by 16^ we find the number of pulses in a minute to be 
27,200. This number of times did our little flame ex- 
tinguish and rekindle itself during the continuance of our 
experiment, that is to say, it was put out and relighted 
453 times in a second. 

A singing flame yields so freely to the pulses which 

* A gas-jet, for example, can be ignited five inches above the tip of a 
visible gas-flame, where platinum leaf shows no redness. 
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fall upon it that it is almost wholly governed by the tube 
which surrounds it ; almost^ but not altogether. The pitch 
of the note depends in some measure upon the size of the 
flame. This is readily proved, by causing two flames to 
emit the same note, and then slightly altering the size of 
either of them. The unison is instantly disturbed by beats. 
By altering the size of a flame we can also, as already 
illustrated, draw forth the harmonic overtones of the tube 
which surrounds it. This experiment is best performed 
with hydrogen, its combustion being much more vigorous 
than that of ordinary gas. When this glass tube, which 
is nearly 7 feet long, is placed over a large hydrogen 
flame, the fundamental note of the tube is obtained, 
corresponding to a division of the column of air within 
it by a single node at the centre. Placing this second 
tube, 3 feet 6 inches long, over the same flame, no musical 
sound whatever is obtained ; this large flame, in fact, is 
not able to accommodate itself to the vibrating period 
of the shorter tube. But, on lowering the flame, it soon 
bursts into vigorous song, its note being the octave of 
that yielded by the longer tube. I now remove the 
shorter tube, and once more cover the flame with the 
longer one. The longer tube no longer sounds its funda- 
mental note, but the precise note of the shorter one. To 
accommodate itself to the vibrating period of the di- 
minished flame, the longer column of air divides itself in 
the manner of an open organ-pipe when it yields its first 
harmonic. By varying the size of the flame, it is possible, 
with the tube now before you, to obtain a series of notes 
whose rates of vibration are in the ratio of the numbers 
1:2:3:4:5, that is to say, the fundamental tone and 
its first four harmonics. 

These sounding flames, though probably never before 
raised to the intensity in which they have been exhibited 
here to-day, are of old standing. In 1777, the sounds of 

Q 
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a hydrogen flame were heard by Dr. Higgins. In 1802, 
they were investigated to some extent by Chladni, who also 
refers to an incorrect account of them given by De Luc. 
Ghladni showed that the tones are those of the open tube 
which surrounds the flame, and he succeeded in obtaining 
the two first harmonics. In 1802 Gr. De la Eive experi- 
mented on this subject. Placing a little water in the bulb 
of a thermometer, and heating it, he showed that musical 
tones of force and sweetness could be produced by the 
periodic condensation of the vapour in the stem of the 
thermometer. He accordingly referred the sounds of 
flames to the alternate expansion and condensation of the 
aqueous vapour produced by the combustion. We can 
readily imitate hi? experiments. Holding a thermometer 
bulb containing water in the flame of a Spirit lamp, with 
its stem oblique, the sounds are heard, soon after the water 
begins to boil. In 1818, however, Mr. Faraday showed 
that the tones were produced when the tube surrounding 
the flame was placed in air of a temperature higher than 
100° C. He also showed that the tones could be, obtained 
from flames of carbonic oxide, where aqueous vapour was 
entirely out of the question. 

After these experiments, the first novel acoustic observa- 
tion on flames was made in Berlin by the late Count 
Schaflfgotsch, who showed that when an ordinary gas 
flame was surmounted by a short tube, a strong falsetto 
voice pitched to the note of the tube, or to its higher octave, 
caused the flame to quiver. In cases where the note of 
the tube was sufficiently high, the flame could even be 
extinguished by the voice. 

In the spring of 1857, this experiment came to my 
notice, and I endeavoured to repeat it. No directions 
were given in the short account of the observation published 
in Poggendorffs Annalen; but, in endeavouring to ascertain 
the conditions of success, a number of singular eflects 
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forced themselves upon my attention. Meanwhile, Count 
Schaffgotsch also followed up the subject. To a great 
extent we travelled over the same ground, neither of us 
knowing how the other was engaged ; but so far as the ex- 
periments then executed are common to us both, to Count 
Schaffgotsch belongs the priority. 

Let me here repeat his first observation. Within this 
tube, 1 1 inches long, burns tranquilly a small gas flame. 
It is bright and silent. I have ascertained by trial the 
note of this tube, and now, standing at some distance from 
the flame, I sound that note; the flame quivers in a manner 
visible to you all. To obtain the extinction of the flame 
it is necessary to employ a burner with a very narrow 
aperture, from which the gas issues under considerable 
pressure. The little flame now burning before you is thus 
obtained. On sounding the note of the tube surrounding 
the flame, it quivers as before. I throw more power into 
my voice, and now the flame is extinguished. 

The cause of the quivering of the flame will be best 
revealed by an experiment with the syren. Mounting 
the instrument on the acoustic bellows at some distance 
from a singing flame, I gradually exalt the pitch of 
the syren. As the note approaches that of the flame 
you hear beats, and at the same time you observe a 
dancing of the flame synchronous with the beats. The 
jumps succeed each other more slowly as unison is ap- 
proached. They cease when the unison is perfect, and 
they begin again as soon as the syren is urged beyond uni- 
son, becoming more rapid as the discordance is increased. 
The quiver of the flame observed by M. Schafigotsch was 
due to this cause. The flame jumped because the note 
of the tube surrounding it was nearly, but not quite in 
unison with the experimenter's voice. 

That the jumping of the flame proceeds in exact accord- 
ance with the beats is well shown by a tuning-fork, which 

q2 
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yields the same note as the flame. Loading such a fork 
with a bit of wax, so as to throw it slightly out of unison ; 
and bringing it, when agitated, near the tube in which 
the flame is singing, the beats and the leaps occur at 
the same intervals. When the fork is placed thus over 
a resonant jar, all of you can hear the beats, and see at 
the same time the dancing of the flame. By changing 
the load upon the tuning-fork, or by slightly altering the 
size of the flame, the rate at which the beats succeed each 
other may be altered; but in all cases the jumps address 
the eye at the moments when the beats address the ear. 

While executing these experiments, I once noticed that, 
on raising my voice to the proper pitch, a flame which 
had been burning silently in its tube began to sing. The 
song was interrupted, and the proper note sounded several 
times in succession ; in every case the flame responded by 
starting into song. The same observation had, without 
my knowledge, been made a short time previously by 
Count SchaflFgotsch. Observe the conditions of the ex- 
periment. I place a tube, 12 inches long, over this flame, 
which occupies a position within the tube about an inch 
and a half from its lower end. When the proper note is 
sounded the flame trembles, but it does not sing. I lower 
the tube, so that the flame shall be three inches from its 
lower end ; it bursts spontaneously into song. Now, 
between these two positions there is a third, at which, 
if the flame be placed, it will burn silently; but if it be 
excited by the voice it will sing, and continue to sing. . 

In this position, then, it is able to sing, but it requires a 
start. It is as it were on the brink of a precipice, but it 
requires to be pushed over. I place the flame in this 
position ; it is silent : but on the sounding of the proper 
note, it stretches forth its little tongue and begins its song. 
By placing my finger for an instant on the end of the 
tube I stop the music ; and now, standing as far from the 
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flarae as this room will allow me, I command the flame to 
sing. It obeys immediately. I turn my back towards it, 
and repeat the experiment. My body does not shade the 
flame. The sonorous pulses run round me, reach the tube, 
and call forth the song. A pitch-pipe, or any other instru- 
ment which yields a note of the proper height, produces 
the same effect. 

I now place three flames in three tubes a, 6, c, 10, 12, 
and 14 inches in length respectively. The flames are silent ; 
let us cause the sound of the syren to act upon them. 
The tone of the instrument gradually rises ; it now ap- 
proaches the pitch of the longest tube c, in passing which 
it calls forth the song of the flame within. Urging it still 
higher, we soon attain the pitch of 6, which then starts 
into song. It now passes a, and, like the other two, the 
flame within a responds. Mounting, in this way, a series of 
tubes capable of emitting all the notes of the gamut, over 
suitable flames, with an instrument suflSciently powerful, 
and from a distance of 20 or 30 yards, a musician, by running 
over the gamut, might call forth every note in succession, 
' the whole series of flames finally joining in the song. 

When a silent flame, capable of being excited in the 
manner here described, is looked at in a moving mirror, it 
produces there a continuous band of light. Nothing can 
be more beautiful than the sudden breaking up of this 
band into a string of richly luminous pearls at the instant 
the voice is pitched to the proper note. 

I will conclude these experiments on singing flames by 
making one flame efiect the musical ignition of another. 
Before you are two small flames, a and 6, a yard asunder, 
the tube over a being lOJ inches, and that over b 12 
inches long. The shorter tube is clasped by a paper slider, 
which enables me to vary the note of the tube. The flame 
a is now singing, but the flame b, in the longer tube, is 
silent. I raise the paper slider which surrounds a, so 
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as to lengthen the tube. Flame calls to flame; but as 
yet there is no response. The moment, however, I approach 
near enough to the pitch of the tube surrounding b, that 
flame sings. The experiment may be varied by making b 
the singing flame, and a the silent one at starting. Drawing 
out the telescopic slider, a point is soon attained where the 
flame a commences its song. In this way one flame may 
address another through considerable distances ; when the 
arrangement is sufficiently sensitive, the proper note always 
elicits a response. I may add that it is also possible to 
silence the singing flame by the proper management of the 
voice. 

SENSITIVE NAKED FLAMES. 

We have hitherto dealt with flames surrounded by re- 
sonant tubes ; and none of these flames, if naked, would 
respond in any way to such noise or music as could be 
here applied. Still it is possible to make naked flames 
thus sympathetic. In a former lecture (p. 101), I referred 
to the oscillations of water in a bottle, as revealing the 
existence of vibrations of a definite period in the general 
jar of a railway train. The fish-tail flames in some of our 
metropolitan railway carriages are far more sensitive 
acoustic reagents. If you pay the requisite attention, you 
will find single flames here and there jumping in syn- 
chronism with certain tremors of the train. A flame, for 
example, having a horizontal edge, when the train is 
still, will, during the motion, periodically thrust forth a 
central tongue, and continue to jump as long as a special 
set of vibrations is present. It will subside when those 
vibrations disappear, and jump again when they are re- 
stored. When the train is at rest, the tapping of the 
glass shade which surrounds the flame rarely fails, when it 
is sensitive, to cause it to jump. 

This action of sound upon a naked fish-tail flame 
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was first observed by Professor Leconte at a musical 
party in the United States. His observation is thus 
described: — ^Soon after the music commenced, I ob- 
served that the flame exhibited pulsations which were 
exactly synchronous with the audible beats. This phe- 
nomenon was very striking to every one in the room, 
and especially so when the strong notes of the violon- 
cello came in. It was exceedingly interesting to ob- 
serve how perfectly even the trilla of this instrument 
were reflected on the sheet of flame. A deaf ma/ii 
might have seen the harmony. As the evening ad- 
vanced, and the diminished consumption of gas in the 
city increased the pressure, the phenomenon became more 
conspicuous. The jumping of the flame gradually in- 
creased, became somewhat irregular, and, finally, it began 
to flare continuously, emitting the characteristic sound 
indicating the escape of a greater amount of gas than 
could be properly consumed. I then ascertained by expe- 
riment, that the phenomenon did not take place unless the 
discharge of gas was so regulated that the flame approxi- 
mated to the condition of flaring, I likewise determined 
by experiment, that the efiects were not produced by 
jarring or shaking the floor and walls of the room by 
means of repeated concussions. Hence it is obvious that 
the pulsations of the flame were not owing to indirect 
vibrations propagated through the medium of the walls of 
the room to the burning apparatus, but must have been 
produced by the direct influence of aerial sonorous pulses 
on the burning jet.'* 

The significant remark, that the jumping of the flame 
was not observed until it was near flaring, suggests the 
means of repeating the experiments of Dr. Leconte; 
while a more intimate knowledge of the conditions of 
success enables us to vary and exalt them in a striking 

* Philosophical Magazine, March 1858, p. 235. 
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Before you burns a bright candle-flame : I may 
shout, clap my hands, sound this whistle, strike this anvil 
with a hammer, or explode a mixture of oxygen and 
hydrogen. Though sonorous waves pass in each case 
through the air, the candle is absolutely insensible to the 
sound ; there is no motion of the flame. 

I now urge from this small blow-pipe a narrow stream 
of air through the flame of the candle, producing thereby an 
incipient flutter, and reducing at the same time the bright- 
ness of the flame. When I now sound a whistle, the flame 
jumps visibly. The experiment may be so arranged that 
when the whistle sounds, the flame shall be either restored 
almost to its pristine brightness, or that the amount of 
light it still possesses shall disappear. 

The blow-pipe flame of our laboratory is totally un- 

TiG. 115. 



Fig. 116. 




affected by the sound of the whistle as long as no air is 
urged through it. By properly tempering the force of 
the blast I obtain a flame of the shape shown in fig. 
115, the blast not being sufficiently powerful to urge the 
whole of the flame forwards. On sounding the whistle 
the erect portion of the flame drops down, and while it 
continues to sound we have a flame of the form shown in 
fig. 116. 
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Here moreover is a fish-tail flame, which burns brightly 
and steadily, refusing to respond to any sound, musical or 
unmusical. I urge against the broad face of the flame 
a stream of air from a blow-pipe. The flame is cut in 
two by the air, and now, when the whistle is sounded, it 
instantly starts. A knock on the table causes the two half- 
flames to unite, and form, for an instant, a single flame of 
the ordinary shape. By a slight variation of the experiment, 
the two side-flames disappear when the whistle is sounded, 
a central luminous tongue being thrust forth in their 
stead. 

Before you now is another thin sheet of flame, also is- 
suing from a common fish-tail burner, fig. 117. You might 

Fig. 118. 



17. 





sing to it, varying the pitch of your voice, no shiver of the 
flame would be visible. You might employ pitch-pipes, 
tuning-forks, belLs, and trumpets, with a like absence of all 
effect. A barely perceptible motion of the interior of the 
flame may be noticed when this shrill whistle is blown 
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close to it. By turning the cock more fully on I bring the 
flame to the verge of flaring. And now, when the whistle 
is blown, you see an extraordinary appearance. The flame 
thrusts out seven quivering tongues, fig. 118. As long as 
the sound continues the tongues jut forth, being violently 
agitated ; the moment the sound ceases, the tongues dis- 
appear, and the flame becomes quiescent. 

Passing from a fish-tail to a bat's- wing burner, we obtain 
this broad, steady flame, fig. 119. It is quite insensible to 
the loudest sound which would be tolerable here. The flame 
is fed from this small gas-holder,* which places a greater 
pressure at my disposal than that existing in the pipes 
of the Institution. I enlarge the flame and now a slight 
flutter of its edge answers to the sound of the whistle. 

Fio. 120. 



Fig. 119. 




Finally I turn on gas until the flame is on the point of 
roaring, as flames do when the pressure is too great. I 
now sound the whistle; the flame roars, and suddenly 
assumes the form shown in fig. 120. 

* A gas-bag properly weighted also answers for these experiments. 
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When I strike a distant anvil with a hammer, the flame 
instantly responds by thrusting forth its tongues. 

An essential condition to entire success in these experi- 
ments disclosed itself in the following manner. I was in 
a room illuminated by two fish-tail flames. One of them 
jumped to a whistle, the other did not. The gas of 
the non-sensitive flame was turned off, additional pressure 
being thereby thrown upon the other flame ; it flared, 
and its cock was turned so as to lower the flame. It now 
proved non-sensitive, however close it might be brought 
to the point of flaring. The narrow orifice of the half- 
turned cock appeared to interfere with the action of the 
sound. When the gas was turned fully on, the flame 
being lowered by opening the cock of the second burner, 
it became again sensitive. Up to this time a great num- 
ber of burners had been tried, including some with single 
orifices, but, with many of them, the action was nil. Act- 
ing, however, upon the hint conveyed by this observation, 
the pipes which fed the flames were widely opened ; the 
consequence was, that our most refractory burners were 
thus rendered sensitive. 

The observation of Dr. Leconte is thus easily and 
strikingly illustrated ; in our subsequent, and far more 
delicate experiments, the precaution just referred to is 
still more essential. 

Mr. Barrett, late laboratory assistant in this place, 
first observed the shortening of a tall flame issuing from 
the single orifice of this old burner, when the higher 
notes of a circular plate were sounded ; and, by the se- 
lection of more suitable burners, he afterwards succeeded 
in rendering the flame extremely sensitive.* Observing 
the precaution above adverted to, we can readily obtain, 
in an exalted degree, the shortening of the flame. It is 

* For Mr. Barrett's own account of his experiments I refer the reader to 
the Philosophical Magazine for March, 1867. 
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now before you, being 18 inches long and smoking co- 
piously. When I sound the whistle the flame falls to a 
height of 9 inches, the smoke disappearing, and the flame 
increasing in brightness. 

A long flame may be .shortened and a short one length- 
ened, according to circumstances, by these sonorous vibra- 
tions. Here, for example, are two flames, issuing from rough 
burners formed from pewter tubing. The one flame, 
fig. 121, is long, straight, and smoky; the other, fig. 122, 

Fig. 124. 
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Fig. 125. 




is short, forked, and brilliant. On sounding the whistle, 
the long flame becomes short, forked, and brilliant, as 
in fig. 123 ; the forked flame becomes long and smoky, as 
in fig. 124. As regards, therefore, their response to the 
sound of the whistle, one of these flames is the complement 
of the other. 
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In fig. 125 is represented another smoky flame which, 
when the whistle sounds, breaks up into the form shown 
in fig. 126. 

The foregoing experiments ilhistrate the lengthening 
and shortening of flames by sonorous vibrations. They 
are also able to produce rotation. We have here several 
home-made burners, from which issue flat flames, each 
about ten inches high, and three inches across at their 
widest part. The burners are purposely so formed that 
the flames are dumpy and forked. When the whistle 
sounds, the plane of each flame turns ninety degrees 
round, and continues in its new position as long as the 
sound continues. 

A flame of admirable steadiness and brilliancy now bums 
before you. It issues from a single circular orifice in a 
common iron nipple. This burner, which requires great 
pressure to make its flame flare, has been specially chosen 
for the purpose of enabling you to observe, with dis- 
tinctness, the gradual change from apathy to sensitiveness. 
The flame is now 4 inches high, and is quite indififerent 
to sound. By increasing the pressure I make its height 
6 inches; it is still indifferent. I make it 12 inches; a 
barely perceptive quiver responds to the whistle. I make 
it 16 or 17 inches high, and now it jumps briskly the 
moment an anvil is tapped or the whistle sounded. I 
augment the pressure, the flame is now 20 inches long, 
and you observe a quivering at intervals, which announces 
that it is near roaring. A slight increase of pressure 
causes it to roar, and shorten at the same time to 8 
inches. I diminish the pressure a little ; the flame is again 
20 inches long, but it is on the point of roaring and 
shortening. Like the singing-flames which were started 
by the voice, it stands on the brink of a precipice. The 
proper sound pushes it over. It shortens when the whistle 
sounds, exactly as it did when the pressure was in excess. 
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The action reminds one of the story of the Swiss mule- 
teers, who are said to tie up their bells at certain places 
lest the tinkle should bring an avalanche down. The snow 
must be very delicately poised before this could occur. I 
believe it never did occur, but our flame illustrates the 
principle. We bring it to the verge of falling, and the 
sonorous pulses precipitate what was already imminent* 
This is the simple philosophy of all these sensitive flames. 

When the flame flares, the gas in the orifice of the 
burner has been thrown into vibration ; conversely, when 
the gas in the orifice is thrown into vibration, the flame, if 
sufficiently near the flaring point, will flare. Thus the 
sonorous vibrations, by acting on the gas in the passage 
of the burner, become equivalent to an augmentation of 
pressure in the holder. In fact, we have here revealed to 
us the physical cause of flaring through excess of pressure, 
which, common as it is, has never, I believe, been hitherto 
explained. The gas encounters friction in the orifice of 
the burner, which, when the force of transfer is sufficiently 
great, throws the issuing stream into the state of vibration 
that produces flaring. It is because the flaring is thus 
caused, that an almost infinitely small amount of energy 
in the form of vibrations of the proper period, can produce 
an efifect equivalent to a considerable increase of pressure. 
Augmentation of pressure is, in fact, a clumsy means of 
causing a flame to flare. 

All sounds are not equally effective on the flame ; waves of 
special periods are required to produce the maximum effect. 
The effectual periods are those which synchronise with the 
waves produced by the friction of the gas itself against the 
sides of its orifice. With some of the flames which you 
have already seen, a low, deep whistle is more effective than 
a shrill one. With the flame now before you, the exciting 
tremors must be' very rapid, and the sound consequently 
shrill. I have here a tuning-fork which vibrates 256 
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times in a second, emitting a clear and forcible note. It Las 
no effect upon this flame. Here also are three other forks, 
vibrating respectively 320, 384, and 512 times in a second. 
Not one of them produces the slightest impression upon the 
flame. But, besides their fundamental tones, these forks, as 
you know, can be caused to yield a series of overtones 
of very high pitch. I sound this series : the vibrations are 
now 1,600, 2,000, 2,400, and 3,200 per second, respectively. 
The flame jumps in response to each of these sounds ; the 
response to the highest sound of the series being the most 
prompt and energetic of all. 

To the tap of a hammer upon a board the flame re- 
sponds ; but to the tap of the same hammer upon an anvil 
the response is much more brisk and animated. The 
reason is, that the clang of the anvil is rich in the higher 
tones to which the flame is most sensitive. 

The powerful tone obtained when our inverted bell is re- 
inforced by its resonant tube has no power over this flame. 
The bell is now sounding, but the flame is unmoved. I 
bring a halfpenny into contact with the vibrating surface 
the consequent rattle contains the high notes to which 
the flame is sensitive. It instantly shortens, flutters, 
and roars when the coin touches the bell. I hold in my 
hand a smaller bell, the hammer of which is worked by 
clock-work. I send my assistant to the most distant part 
of the gallery, where he detaches the hammer. The 
strokes follow each other in rhythmic succession, and at 
every stroke the flame falls from a height of 20 to a height 
of 8 inches, roaring as it falls. 

The rapidity with which sound is propagated through 
air is well illustrated by these experiments. There is no 
sensible interval between the stroke of the bell and the 
ducking of the flame. 

When the sound acting on the flame is of very short 
duration a curious and instructive effect is observed. The 
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sides of the flame half-way down, and lower, are seen 
suddenly fringed by luminous tongues, the central flame 
remaining apparently undisturbed in both height and 
thickness. The flame in its normal state is shown in 
fig. 127, and with its fringes in fig. 128. The effect is 
due to the retention of the impression upon the retina. 
The flame actually falls as low as the fringes, but its re- 
FiG. 127. Fig. 128. ^^^^^7 ^^ SO quick that to the eye it does 
not appear to shorten at all.* 

The most marvellous flame hitherto 
discovered is now before you. It issues 
from the single orifice of a steatite 
burner, and reaches a height of 24 inches. 
The slightest tap on a distant anvil re- 
duces its height to 7 inches. When I 
shake this bunch of keys the flame is 
violently agitated, and emits a loud roar. 
The dropping of a sixpence into a hand 
already containing coin, at a distance of 
20 yards, knocks the flame down. I 
cannot walk across the floor without agi- 
tating the flame. The creaking of my 
boots sets it in violent commotion. The 
crumpling, or tearing of a bit of paper, 
or the rustle of a silk dress, does the 
same. It is startled by the patter of 
a raindrop. I hold a watch near the 
i flame ; nobody hears its ticks ; but you 

all see their effect upon the flame. At every tick it falls. 
The winding up of the watch also produces tumult. The 



* Numerous modifications of these experiments are possible. Other 
inflammable gases than coal gas may 'be employed. Mixtures of gases 
have also been found to yield beauti^ and striking results. An infini- 
tesimal amount of mechanical impurity has been found to exert a powerful 
influence. 
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twitter of a distant sparrow shakes the flame down ; the 
note of a cricket would do the same. From a distance 
of 30 yards I have chu-ruped to this flame, and pio. 129. 



and roar. I repeat a passage i^ 



caused it to fall 
from Spenser : — 

Her ivory forehead full of bounty brave, 

Like a broad table did itself dispread ; 
For love his lofty triumphs to engrave, 

And write the battles of his great godhead. 
All truth and goodness might therein be read, 

For there their dwelling was, and when she spake. 
Sweet words, like dropping honey she did shed ; 

And through the pearls and rubies softly brake 

A silver sound, which heavenly music seemed to make. 

The flame picks out certain sounds from my utter-, 
ance; it notices some by the slightest nod, to 
others it bows more distinctly, to some its obei- 
sance is very profound, while to many sounds it 
turns an entirely deaf ear. 

In fig. 129, this tall, straight, and brilliant 
flame is represented. On chirruping to 
it, or on shaking a bunch of keys within 
a few yards of it, it falls to the size shown 
in fig. 130, the whole length, a 6, of the 
flame being suddenly abolished. The 
light at the same time is practically de- 
stroyed, a pale and almost non-luminous 
residue of it alone remaining. These 
figures are taken from photographs of the 
flame. 

In our experiments downstairs we have 
called this the * vowel flame,' because the 
difi'erent vowel sounds affect it differently. 
We have already learned how these sounds are formed ; 
that they differ from each other through the admixture of 
higher tones with the fundamental one. It is to these 



Fig. 130. 



A 



tones, and not to the 



fundamental 



one, that our flame 
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is sensitive. I utter a loud and sonorous u, the flame 
remains steady ; I change the sound to o, the flame qui- 
vers ; I sound e, and now the flame is strongly affected . 
I utter the words boot, boat, and beat in succession. 
To the first there is no response ; to the second, the 
flame starts ; but by the third it is thrown into greater 
commotion; the sound Ah! is still more powerful. Did 
we not know the constitution of vowel sounds this de- 
portment would be an insoluble enigma. As it is, how- 
ever, the flame is a demonstrator of the theory of vowel 
•sounds. It is most sensitive to sounds of high pitch ; hence 
we should infer that the sound Ah ! contains higher notes 
than the sound e ; that e contains higher notes than o ; 
and higher notes than r. I need not say that this 
agrees perfectly with the analysis of Helmholtz. 

This flame is peculiarly sensitive to the utterance of 
the letter s. If the most distant person in the room were 
to favour me with a * hiss,' the flame would instantly 
sympathise with him. A hiss contains the elements that 
most forcibly affect this flame. The gas issues from its 
burner with a hiss, and an external sound of this character 
is therefore exceedingly effective. I hold in my hand a 
metal box, containing compressed air. I turn the cock 
for a moment, so as to allow a puff to escape — the flame 
instantly ducks down, not by any transfer of air from the 
box to the flame, for I stand at a distance which utterly 
excludes this idea ; it is the sound that affects the flame. 
I send a man to the most distant part of the gallery, 
where he permits the compressed air to issue in puffs 
from the box; at every puff the flame suddenly falls. 
Thus the hiss of the issuing air at the one orifice precipi- 
tates the tumult of the flame at the other. 

Finally, I place this musical box upon the table, and 
permit it to play. The flame behaves like a sentient 
creature ; bowing slightly to some tones, but courtesying 
deeply to others. 
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I at one time intended to approach this subject of sen- 
sitive flames through a series of experiments which, had the 
flames not been seen, would have appeared more striking 
than I can expect them to be now. It is not to the 
flame, as such, that we owe the extraordinary phenomena 
which have been just described. Effects substantially 
the same are obtained when a jet of unignited gas, of 
carbonic acid, hydrogen, or even air itself, issues from 
an orifice under proper pressure. None of these gases, 
however, can be seen in its passage through air ; and, 
therefore, we must associate with them some substance 
which, while sharing their motions, will reveal those motions 
to the eye. The. method employed from time to time 
in this place, of rendering aerial vortices visible is well 
known to many of you. By tapping a membrane which 
closes the broad mouth of a large funnel filled with 
smoke, we obtain beautiful smoke rings, which reveal the 
motion of the air. By associating smoke with our gas- 
jets, in the present instance, we can also trace their course, 
and when this is done, the unignited gas proves as sensitive 
as the flames. The smoke-jets jump, they shorten, they 
split into forks, or lengthen into columns, when the proper 
notes are sounded. The experiments are made in this way. 
Underneath a gasometer are placed two small basins, the 
one containing hydrochloric acid and the other ammonia. 
Fumes of sal-ammoniac are thus copiously formed, and 
mingle with the gas contained in the holder. We may, 
as already stated, operate with coal gas, carbonic acid, air, 
or hydrogen : each of them yields good effects. Here also 
our excellent steatite burner maintains that supremacy 
which it exhibited with the flames. From it I can cause 
to issue a thin column of smoke. On sounding the whistle, 
which was so effective with the flames, it is found in- 
effective. When, moreover, the highest notes of a series of 
Pandean pipes are sounded, they are also ineffective. Nor 
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Fig. 131. 



will the lowest notes answer. But when a certain pipe, 
which stands about the middle of the series, is sounded, 
the smoke-column falls, forming a short stem with a 
thick, bushy head. It is also pressed down, as if by a 
vertical wind, by a knock upon the table. At every tap, 
it drops. A stroke on an anvil, on the contrary, pro- 
duces little or no effect. In fact, the notes here effective 
are of a much lower pitch than those which were most 
efficient in the case of the flames. 

The amount of shrinkage exhibited by some of these 
smoke columns, in proportion to their length, is far greater 
than that of the flames. A tap on the table causes a 
smoke-jet eighteen inches high, to shorten to a bushy 
bouquet, with a stem not more than an inch in height. 

The smoke column, more- 
over, responds to the voice. 
A cough knocks it down; 
and it dances to the tune 
of a musical box. Some 
notes cause the mere top 
of the smoke-column to 
gather itself up into a bou- 
quet. At other notes the 
bouquet is formed midway 
down ; while notes of more 
suitable pitch cause the 
column to contract itself to 
a cumulus not much more 
than an inch above the end 
of the burner. As the music 
continues, the action of the smoke-column consists of a 
series of rapid leaps from one of these forms to another. 
Various forms of the dancing jet are shown in fig. 131. 

In a perfectly still atmosphere these slender smoke- 
columns rise sometimes to a height of nearly two feet. 
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apparently vanishing into air at the summit. When this 
is the case our most sensitive flames fall far behind them 
in delicacy ; and though less striking than the flames, the 
smoke-wreaths are often more graceful. Not only special 
words, but every word, and every syllable of the foregoing 
stanza from Spenser tumbles a really sensitive smoke- 
jet into confusion. To produce such effects, a perfectly 
tranquil atmosphere is necessary. Flame experiments, in 
fact, are possible in an atmosphere where smoke-jets are 
utterly unmanageable.* 

We have thus far confined our attention to jets of 
ignited and unignited coal-gas ; of carbonic acid, hydro- 
gen, and air. We will now turn to jets of water. And 
here a series of experiments, remarkable for their beauty, 
has long existed, which claim relationship to those just 
described. These are the experiments of Felix Savart 
on liquid veins ; which have been repeated, verified, and 
modified, in various ways in this place. If the bottom 
of a vessel containing water be pierced by a circular 
orifice, the descending liquid vein will exhibit two parts 
which are unmistakably distinct. The part of the vein 
nearest the orifice is steady and limpid, presenting almost 
the appearance of a solid glass rod. It decreases in dia- 
meter as it descends, reaches a point of maximum con- 
traction, from which point downwards it appears turbid 
and unsteady. The course of the vein, moreover, is 
marked by periodic swellings and contractions. Savart 
has represented the vein in the manner shown in fig. 
132. In this figure, a is the orifice end of the vein, 
the part an is limpid and steady, while all the part 
below 71 is in a state of quivering motion. This lower 
part of the vein appears continuous to the eye; still, 
when the finger is passed rapidly across it, it is some- 

^ Could the jets of anignited gas be seen without any admiztnre of smoko^ 
their sensitiveness I doubt not might be increased. 
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Fig. 
a 



132. 



Fig. 133. Fig. 134. times not wetted. This, of 
course, could not be the ca^e 
if the vein were really con- 
tinuous. The upper portion 
of the vein, moreover, inter- 
cepts vision ; the lower por- 
tion, even when the liquid is 
mercury, does not. In fact, 
the vein resolves itself, at 7i, 
into liquid spherules, its appa- 
rent continuity being due to 
the retention of the impres- 
sions made by the falling drops 
upon the retina. If the drops 
succeed each other in intervals 
of a tenth of a second or less, 
then, before the impression 
made by any drop vanishes, it 
is renewed by its successor, 
and no rupture of continuity 
can be observed. If, while 
looking at the disturbed por- 
tion of the vein, the head be 
suddenly lowered, the descend- 
ing column will be resolved for 
a moment into separate drops. 
Perhaps the simplest way of 
reducing the vein to its con- 
stituent spherules is one long 
ago adopted by myself, — name- 
ly, to illuminate the vein, in a 
dark room, by a succession of 
electric flashes. Every flash re- 
veals the drops, as if they were 
perfectly motionless in the air. 
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Could the appearance of the vein illuminated by a 
single flash be rendered permanent, it would be that re- 
presented in fig. 133. And here we find revealed the 
cause of those swellings and contractions which the dis- 
turbed portion of the vein exhibits. The drops, as they 
descend, are continually changing their forms. When 
first detached from the end of the limpid portion of the vein 
the drop is a prolate spheroid, with its longest axis vertical. 
But a liquid cannot retain this shape, if abandoned to the 
forces of its own molecules. The spheroid seeks to become 
a sphere. The longer diameter therefore shortens ; but, 
like a pendulum, which seeks to return to its position of 
rest, the contraction of the vertical diameter goes too 
far, and the drop becomes an oblate spheroid. Now the 
contractions of the jet are formed at those places where the 
longest axis of the drop is vertical, while the swellings 
appear where the longest axis is horizontal. It will be 
noticed, that between every two of the larger drops is a 
third of much smaller dimensions. Whenever a large 
drop is detached, by a kind of kick on the part of the re- 
treating vein, a little satellite is shaken after it. Accord- 
ing to Savart, their appearance is invariable. 

This breaking up of a liquid vein into drops has been a 
subject of much discussion. I hold it to be due to the 
tremors imparted to the vein by its friction against the 
boundaries of its orifice. To this point Savart traced its 
pulsations, though he did not think that friction was their 
cause. Whatever their cause may be, the pulsations exist, 
and they are powerfully influenced by sonorous vibrations, 
which render the limpid portion of the vein shorter than 
it would otherwise be. In the midst of a large city it is 
hardly possible to obtain the requisite aerial tranquillity 
for the full development of the continuous portion of the 
vein; still, Savart was so far able to withdraw his vein 
from the influence of such irregular vibrations, that its 
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limpid portion became elongated to the extent shown in 
fig. 134. Fig. 132, it will be understood, represents the 
vein exposed to the irregular vibrations of the city of 
Paris, while fig. 134 represents a vein produced under 
precisely the same conditions, but withdrawn from those 
vibrations. 

The drops into which the vein finally resolves itself, are 
incipient even in its limpid portion, announcing them- 
selves there as annular protuberances, which become 
more and more pronounced, until finally they separate. 
Their birth-place is the orifice itself, and under even 
moderate pressure they succeed each other with suffi- 
cient rapidity to produce a feeble musical note. By per- 
mitting the drops to fall upon a membrane, the pitch of 
this note may be fixed ; and now we come to the point 
which connects the phenomena of liquid veins with those 
of sensitive flames and smoke-jets. If a note in unison 
with that of the vein be sounded near it, the limpid por- 
tion instantly shortens ; the pitch may vary to some extent, 
and still cause a shortening; but the unisonant note is 
the most efiectual. Savart's experiments on vertically de- 
scending veins have been recently repeated in our labora- 
tory with striking effect. From a distance of 30 yards 
the limpid portion of the vein has been shortened by the 
sound of an organ-pipe of moderate intensity but of the 
proper pitch. 

The excellent French experimenter also caused his vein 
to issue horizontally and at various inclinations to the 
horizon, and found that, in certain cas^s, sonorous vibra- 
tions were competent to cause a jet to divide into two 
or three branches. In these experiments, the liquid 
was permitted to issue through an orifice in a thin 
plate. Instead of this, however, we will resort to our 
favourite steatite burner; for with water also it asserts 
the same mastery over its fellows that it exhibited with 
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flames and smoke-jets. It will, moreover, reveal to us 
some entirely novel results. By means of an indm^ 
rubber tube the burner is connected with the water pipes 
of the Institution, and, by pointing it obliquely up- 
wards, we obtain a fine parabolic jet, fig. 135. At a cer- 

Fio. 136. 




tain distance from the orifice, the vein resolves itself into 
beautiful spherules, whose motions are not rapid enough 
to make the vein appear continuous. At the vertex 
of the parabola the spray of pearls is more than an inch in 
width, and, further on, the drops are still more widely 
scattered. On sweeping a fiddle-bow across^ a tuning- 
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fork, which executes 512 vibrations in a second: the 
scattered drops, as if drawn together by their mutual 
attractions, instantly close up and form an apparently 
continuous liquid arch some feet in height and span, 
fig. 136. As long as the proper note is maintained 
the vein looks like a frozen band, so motionless does it 
appear. I stop the fork, and now the arch is shaken 
asunder, and we have the same play of liquid pearls 
as before. Every sweep of the bow, however, causes the 
drops to fall into a common line of march. 

A pitch-pipe, or an organ-pipe yielding the note of this 
tuning-fork also powerfully controls the vein. My voice 
does the same. On pitching it to a note of moderate in- 
tensity, I cause the wandering drops to gather themselves 
together. At a distance of 20 yards, my voice is, to all 
appearance, as powerful in curbing the vein, and causing 
its drops to close up, as when I stand close to the issuing jet. 

The efifect of beats upon the vein is also beautiful and 
instructive. They may be produced either by organ-pipes 
or by tuning-forks. Before you are two forks, one of 
which vibrates 512 times, and the other 508 times in a 
second. You will learn, in our next lecture, that when 
these two forks are sounded together we ought to have four 
beats in a second. I sound the two forks, and find that 
the liquid vein gathers up its pearls, and scatters them in 
f?ynchronism with the beats. When standing near the 
vein we notice a rhythmic movement of the spots of light 
reflected from it, keeping time with the beats The alter- 
nate retreat and advance of the point where the drops are 
first formed is executed in the same period, and is very 
beautiful. The sensitiveness of this vein is now astounding ; 
it rivals that of the ear itself. Placing the two tuning- 
forks on a distant table, and permitting the beats to die 
gradually out, the vein continues its rhythm almost as long 
as hearing is possible. A more sensitive vein might actually 
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prove superior to the ear — a very surprising result, con- 
sidering the marvellous delicacy of this organ.* 

By introducing a Leyden jar into the circuit of a 
powerful induction coil, I obtain, as those acquainted with 
the coil well know, a series of dense and dazzling flashes 
of light, each of momentary duration. I darken the room, 
and, with a succession of flashes, illuminate the vein. Its 
drops are rendered distinct, every one of them being trans- 
formed into a little star of intense brilliancy. They are 
scattered widely apart. I call to th^jet in the proper 
tone of voice. It instantly gathers its drops together into 
a necklace of inimitable beauty. I suspend my voice, the 
vein goes to pieces ; I call again, and the straggling stars 
arrange themselves once more iu succession along the 
curve. While thus arranged, I gently shake the india- 
rubber tube which feeds the jet, and obtain interlacing 
strings of luminous pearls. 

In these experiments the whole vein gathers itself 
into a single arched band when the proper note is 
sounded; but, by varying the experiment, it may be 
caused to divide into two or more such bands, as shown in 
fig. 137. Drawings, however, are ineffectual here ; for the 
wonder of these experiments depends mainly on the sudden 
transition of the vein from one state to the other. In the 
motion dwells the surprise, and this no drawing can render.f 

* When these two tuning-forks were placed in contact with a vessel 
from which a liquid vein issued, the visible action on the vein continued 
long after the forks had ceased to be heard. 

t The experiments on sounding flames have been recently considerably 
extended by my assistant. By causing flame to rub against flame, various 
musical sounds can be obtained, some resembling those of a trumpet, 
some those of a lark. By the friction of unignited gas-jets, similar 
though less intense effects are produced. When the two flames of a fish- 
tail burner are permitted to impinge upon a plate of platinum, as in Scholl's 
* perfectors,* the sounds are trumpet-like, and very loud. 
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SUMMARY OF LECTURE VL 

When a gas-flame is placed in a tube, the air in passing 
over the flame is thrown into vibration, musical sounds 
being the consequence. 

Making allowance for the high temperature of the 
column of air associated with the flame, the pitch of the 
note is that of an open organ-pipe of the length of the tube 
surrounding the flame. 

The vibrations of the flame, while the sound continues, 
consist of a series of periodic extinctions, total or partial ; 
between every two of which the flame partially recovers its 
brightness. 

The periodicity of the phenomenon may be demonstrated 
by means of a concave mirror which forms an image of the 
vibrating flame upon a screen. When the image is sharply 
defined, the rotation of the mirror reduces the single image 
to a series of separate images of the flame. The dark 
spaces between the images correspond to the extinctions of 
the flame, while the images themselves correspond to its 
periods of recovery. 

Besides the fundamental note of the associated tube, the 
flame can also be caused to excite the higher harmonics of 
the tube. The successive divisions of the column of air 
are those of an open organ-pipe when its harmonic tones 
are sounded. 

On sounding a note nearly in unison with a tube con- 
taining a silent flame, the flame jumps, and if the position 
of the flame in the tube be rightly chosen, the extraneous 
sound will cause the flame to sing. 
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■^NTiile the flame is singing a note nearly in unison with 
its own produces beats ; and the flame is seen to jump in 
synchronism with the beats. The jumping is also ob- 
served when the position of the flame within its tube is 
not such as to enable it to sing. 



NAKED FLAMES. 

When the pressure of the gas which feeds a naked 
flame is augmented, the flame, up to a certain point, in- 
creases in size. But if the pressure be too great, the 
flame roars or flares. 

The roaring or flaring of the flame is caused by the state 
of vibration into which the gas is thrown in the orifice of 
the burner, when the pressure which urges it through the 
orifice is excessive. 

If the vibrations in the orifice of the burner be super- 
induced by an extraneous sound, the flame will flare under 
a pressure less than that which, of itself, would produce 
flaring. 

The gas under excessive pressure has vibrations of a 
definite period impressed upon it as it passes through the 
burner. To operate with a maximum effect upon the 
flame the external sound must contain vibrations syn- 
chronous with those of the issuing gas. 

When such a sound is chosen, and when the flame is 
brought sufficiently near its flaring point, it furnishes an 
acoustic reagent of unexampled delicacy. 

At a distance of 30 yards, for example, the chirrup of a 
house sparrow would be competent to throw the flame into 
commotion. 

It is not to the flame, as such, that we are to ascribe 
these effects. Effects substantially similar are produced 
when we employ jets of unignited coal-gas, carbonic acid, 
hydrogen, or air. These jets may be rendered visible by 
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smoke, and the smoke jets show a sensitiveness to sonorous 
vibrations even greater than that of the flames. 

When a brilliant sensitive flame illuminates an otherwise 
dark room, in which a suitiible bell is caused to strike, a 
series of periodic quenchings of the light by the sound 
occurs. Every stroke of the bell is accompanied by a 
momentary darkening of the room. 

Savart's experiments on the influence of sonorous vi- 
brations on jets of water belong to the same class of 
effects. This subject is treated with sufficient fulness 
in the foregoing lecture, and still almost as briefly as a 
summary. 
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LA.W OF VIBRA.TOBY MOTIONS IN WATER AND AIR — SUPERPOSITION OF VI- 
BRATIONS ^INTERFERENCE AND COINCIDENCE OF SONOROUS WATES DE- 
STRUCTION OF SOUND BY SOUND— COMBINED ACTION OF TWO SOUNDS 
NEARLY IN UNISON WITH EACH OTHER THEORY OF BEATS — OPTICAL IL- 
LUSTRATION OF THE PRINCIPLE OF INTERFERENCE AUGMENTATION OF 

INTENSITY BY PARTIAL EXTINCTION OF VIBRATIONS RESULTANT TONES — 

CONDITIONS OF THEIR PRODUCTION EXPERIMENTAL ILLUSTRATIONS 

DIFFERENCE TONES AND SUMMATION TONES — THEORIES OF YOUNG AND 
HELMHOLTZ. 

FROM a boat in Cowes harbour, in moderate weather, I 
have often watched the masts and ropes of the ships, 
as mirrored in the water. The images of the ropes 
revealed the condition of the surface, indicating by long 
and wide protuberances the passage of the larger rollers, 
and, by smaller indentations, the ripples which crept like 
parasites over the sides of the nobler waves. The sea 
was able to accommodate itself to the requirements of all 
its undulfitions, great and small. When I touched the 
surface with my oar, or permitted the drops to fall 
from the oar into the water, there was also room for the 
tiny wavelets thus generated. This carving of the surface 
by waves and ripples had its limit only in my powers of 
observation; every wave and every ripple asserted its 
right of place, and retained its individual existence, amid 
the crowd of other motions which agitated the water. 

The law that rules this chasing of the sea, this crossing 
and intermingling of innumerable small waves, is that 
the resultant motion of every particle of water is the sum 
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of the individual motions imparted to it If any particle 
be acted on at the same moment by two impulses, both 
of which tend to raise it, it will be lifted by a force equal 
to the sum of both. If acted upon by two impulses, one 
of which tends to raise it, and the other to depress it, it 
will be acted upon by a force equal to the diflFerence of 
both. When, therefore, I speak of the sum of the motions, 
I mean the algebraic sum^ regarding the motions which 
tend to raise the particle as positive, and those which 
tend to depress it as negative. 

When two stones are cast into smooth water, 20 or 30 
feet apart, round each stone is formed a series of expand- 
ing circular waves, every one of which consists of a ridge 
and a furrow. The waves at length touch, and then cross 
each other, carving the surface into little eminences and 
depressions. Where ridge coincides with ridge, we have 
the water raised to a double height; where furrow co- 
incides with furrow, we have it depressed to a double 
depth. Where ridge coincides with furrow, we have 
the water reduced to its average level. The resultant 
motion of the water at every point is, as above stated, 
the algebraic sum of the motions impressed upon that 
point. And if, instead of two sources of disturbance, we 
had ten, or a hundred, or a thousand, the consequence 
would be the same ; the actual result might transcend our 
powers of observation, but the law above enunciated would 
still hold good. 

Instead of the intersection of waves from two distinct 
centres of disturbance, we may cause direct and reflected 
waves, from the same centre, to cross each other. Many 
of you know the beauty of the effects observed when 
the light reflected from ripples of water, contained in 
a common tray, is received upon our screen. When mer- 
cury is employed the efiect is more brilliant still. Here, 
by a proper mode of agitation, direct and reflected waves 
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may be caused to cross and interlace, and by the most 
wonderful self-analysis to untie their knotted scrolls. The 
adjacent figure, fig. 138, which is copied from the work 
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of the brothers Weber, will give some idea of the beauty 
of these effects. It represents the chasing produced by 
the intersection of direct and reflected water-waves in a 
circular vessel, the point of disturbance, marked by the 
smallest circle in the figure, being midway between the 
centre and the circumference. 

This power of water to accept and transmit multitudinous 
impulses is shared by air, which concedes the right of 
space and motion to any number of sonorous waves. The 
same air is competent to accept and transmit the vibrations 
of a thousand instruments at the same time. When we try 
to visualise the motion of that air— to present to the eye of 
the mind the battling of the pulses direct and reverberated 
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— the imagination retires baffled from the attempt Still, 
amid all the complexity, the law above enunciated holds 
good, every particle of air being animated by a resultant 
motion, which is the algebraic sum of all the individual 
motions imparted to it. And the most wonderful thing 
of all is, that the human ear, though acted on only by 
a cylinder of that air, which does not exceed the thick- 
ness of a quill, can detect the components of the motion, 
and, aided by an act of attention, can even isolate from 
the aerial entanglement any particular sound. 

I draw my bow across a tuuing-fork, which for distinc- 
tion's sake I will call a, and cause it to send a series 
of sonorous waves through the air. I now place a second 
fork, B, behind the first, and throw it also into vibration. 
From B waves issue which pass through the air already 
traversed by the waves from a. It is easy to see that the 
forks may so vibrate that the condensations of the one shall 
coincide with the condensations of the other, and the rare- 
factions of the one with the rarefactions of the other. If 
this be the case the two forks will assist each other. The 
condensations will, in fact, become more condensed, the . 
rarefactions more rarefied, and as it is upon the diflference 
of density between the condensations and rarefactions 
that loudness depends, the two vibrating forks, thus sup- 
porting each other, will produce a sound of greater inten- 
sity than that of either of them vibrating alone. 

It is, however, also easy to see that the two forks maybe 
so related to ea<jh other that one of them shall require a 
condensation at the place where the other requires a rare^ 
faction ; that one fork, for exam pie, shall urge the air- 
particles forward, while the other urges them backward. If 
the opposing forces be equal, particles so solicited will move 
neither backwards nor forwards, and the aerial rest which 
corresponds to silence is the result. Thus, it is possible, 
by adding the sound of one fork to that of another, to 
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abolish the sounds of both. We have here a phenoi 
menon which, above all others, characterises wave-motion. 
It was this phenomenon, as manifested in optics, that 
led to the undulatory theory of light, the most cogent 
proof of that theory being based upon the fact that, 
by adding light to light, we may produce darkness, just 
as we can produce silence by adding sound to sound. 

During the vibration of a tuning-fork the distance 
between its two prongs is alternately increased and di- 
minished. Let us call the motion which increases the 
distance the outward awing, and that which diminishes 
the distance the inward awing of the fork. And let us 
suppose that our two forks, A and B, reach the limits of 
their outward swing and their inward swing at the same 
moment. In this case the phases of their motion, to 
use the technical t«rm, are the same. For the sake of 
simplicity we will confine our attention to the right-hand 
prongs, A and b, fig. 139, of the two forks, neglecting 

Fig. 139. 




the other two prongs; and now let us ask what must 
be the distance between the prongs a and b, when the 
condensations and rarefactions of both, indicated re- 
spectively by the dark and light shading, coincide? A 
little reflection will make it clear, that if the distance from 
B to A be equal to the length of a whole sonorous 
wave, coincidence between the two systems of waves 
must follow. The same would evidently occur where the 
distance between A and b is two wave-lengths, three 
wave-lengths, four wave-lengths — in short, any num- 

8 2 
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ber of whole wave-lengths. In all such cases we should 
have coincide/ice of the two systems of waves, and conse- 
quently a reinforcement of the sound of the one fork by 
that of the other. Both the condensations and rarefactions 
between a and c are, in this case, more pronounced than 
they would be if either of the forks were suppressed. 

But if the prong b be only half the length of a wave be- 
hind A, what must occur ? Manifestly the rarefactions of 
one of the systems of waves will then coincide with the 
condensations of the other system, and we shall have 
interference ; the air to the right of a being reduced to 
quiescence. This is shown in fig. 140, where the uniformity 



Fig. 140. 




of tint indicates an absence both of condensations and 
rarefactions. When b is two half wave-lengths behind a, 
we have, as already explained, coincidence ; when it is 
three half wave-lengths distant, we have again interference. 
Or, expressed generally, we have coincidence or inter- 
ference according as the distance between the two prongs 
amounts to an even or an odd number of semi-undulations. 
Precisely the same is true. of the waves of light. If 
through any cause one system of ethereal waves be any even 
number of semi-undulations behind another system, the 
two systems support each other when they coalesce, and we 
have more light. If the one system be any odd number 
of semi-undulations behind the other, they interfere with 
each other, and a destruction of light is the result of their 
coalescence. 

Sir John Herschel first proposed to divide a stream of 
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sound into two branches, of diflferent lengths, causing the 
branches afterwards to reunite, and to interfere with each 
other. This idea has been recently followed out with 
success by M. Quincke ; and it has been still further im- 
proved upon by M. Konig. The principle of these experi- 
ments will be at once evident from fig. 141. The tube of 
divides into two branches at /, the one branch being 
carried round n, and the other round m. The two 
branches are caused to reunite at q^ and to end in a com- 
mon canal, g'p. The portion, 6 n, of the tube which slides 
over a 6, can be drawn out as shown in the figure, and 

Fig. 141. 
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thus the sound-waves can be caused to pass over dififerent 
distances in the two branches. Placing a vibrating tuning- 
fork at 0, and the ear at p, when the two branches are of 
the same length, the waves through both reach the ear 
together, and the sound of the fork is heard. Drawing a b 
out, a point is at length attained where the sound of the 
fork is extinguished. This occurs when the distance a 6 is 
one-fourth of a wave-length ; or in other words, when the 
whole right-hand branch is half a wave-length longer than 
the left-hand one. Drawing 6 n still further out, the sound 
is again heard ; and when twice the distance a b amounts 
to a whole wave-length, it reaches a maximum. Thus 
according as the difference of both branches amounts to 
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half a wave-length, or to a whole wave-length, we have in- 
terference or coincidence of the two series of sonorous 
wave& In practice the tube of ought to be prolonged 
until the direct sound of the fork is unheard, the attention 
of the ear being then wholly concentrated on the sounds 
that reach it through the tube. 

It is quite plain that the wave-length of any simple 
tone may be readily found by this instruments It is 
only necessary to ascertain the diflference of path which 
produces complete interference. Twice this diflference is 
the wave-length ; and if the rate of vibration be at the 
same time known, we can immediately calculate the velocity 
of sound in air. 

Each of the two forks now before you executes exactly 
256 vibrations in a second, and when they are sounded 
together you have the perfect flow of unison. I now load 
one of them with a bit of wax, thus causing it to vibrate 
a little more slowly than its neighbour. Supposing, for 
the sake of simplicity, that the wax reduces the number 
of vibrations to 255 in a second, what must occur when 
the two forks are sounded together ? If they start at 
the same moment, condensation coinciding with condensa- 
tion, and rarefaction with rarefaction, it is quite manifest 
that this state of things cannot continue. The two forks 
soon begin to exert opposite actions upon the surround- 
ing air. At the 128th vibration their phases are in 
complete opposition, one of them having gained half a 
vibration on the other. Here the one fork generates 
a condensation where the other generates a rarefaction; 
and the consequence is, that the two forks, at this par- 
ticular point, completely neutralise each other, and we 
have no sound. From this point onwards, however, 
the forks support each other more -and more, until, at 
the end of a second, when the one has completed its 
255th, and the other its 256th vibration, the state of 
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things is what it was at the commencement. Condensation 
then coincides with condensation, and rarefaction with 
rarefaction, the full efifect of both sounds being produced 
upon the ean 

It is quite manifest, that under these circumstances we 
cannot have the continuous flow of perfect unison. We 
have, on the contrary, alternate reinforcements and di- 
minutions of the sound. We obtain, in fact, the effect 
known to musicians by the name of beatSf which, as here 
explained, are a result of interference. 

I now load this fork still more heavily, by attaching a 
fourpenny-piece to the wax ; the coincidences and inter- 
ferences follow each other more rapidly than before ; we 
have a quicker succession of beats. In our last experi- 
ment, the one fork accomplished one vibration more than 
the other in a second, and we had a single beat in the same 
time. In the present case, one fork vibrates 250 times, 
while the other vibrates 256 times in a second, and the 
number of beats per second is 6. A little reflection will 
make it plain, that in the interval required by the one fork 
to execute one vibration more than the other, a beat must 
occur ; and inasmuch as, in the case now before us, there 
are six such intervals in a second, there must be six beats 
in the same time. In short, the nwnber of beats perr 
second is always equal to the difference between the two 
rates of vibration. 

These beats may be produced by all sonorous bodies. 
The two tall organ-pipes now before you, when soimded 
together, give powerful beats. You notice that one of them 
is slightly longer than the other. Here are two other 
pipes, which are now in perfect unison, being exactly of 
the same length. But I have only to bring my finger 
near the embouchure of one of the pipes, fig. 142, to lower 
its rate of vibration, and produce these loud and rapid 
beats. The placing of my hand over the open top of one 
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of the pipes also lowers its rate of vibration, and produces 
beats, which follow each other with augmented rapidity 
as I close the top of the pipe more and more. By a 
stronger blast I now bring out the two first harmonics 
Fio. 142. of the pipes. These higher 

notes also interfere, and you 
have these sharper beats. 

No more beautiful illus- 
tration of this phenomenon 
can be adduced than that 
furnished by two sounding 
flames. Two such flames 
are now before you, the 
tubes surrounding them 
being provided with tele- 
scopic sliders. There are 
at present no beats, because 
the tubes are not sufficiently 
near unison. I gradually 
lengthen the shorter tube 
by raising its slider. Eapid 
beats are now heard ; now 
they are slower ; now slower 
still ; and now both flames sing together in perfect unison. 
Continuing the upward motion of the slider, I make the 
tube too long; the beats begin again, and quicken, until 
finally their sequence is so rapid as to appeal only as 
roughness to the ear. The flames, you observe, dance 
within their tubes in time to the beats. As already stated, 
these beats cause a silent flame within a tube to quiver 
when the voice is thrown to the proper pitch, and when 
the position of the flame is rightly chosen, the beats set 
it singing. With the flames of large rose-burners, and 
with tin tubes from 3 to 9 feet long, we obtain, as you 
perceive, beats of exceeding power. 
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You have just heard the beats produced by two 
organ-pipes nearly in unison with each other. Two similar 
pipes are now before you, fig. 143, each of which, however, 
is provided at its centre with a membrane intended to act 
upon a flame.* Two small tubes lead from the spaces 
closed by the membranes, and unite afterwards, the mem- 
branes of both the organ-pipes being in connection with 

Fig. 143. 




the same flame. By means of the sliders, s, 8\ near 
the summits of the pipes, they are either brought into 
unison or thrown out of it at pleasure. I now sound 
both pipes. They are not in unison, and the beats they 
produce follow each other with great rapidity ; while the 
flame connected with the central membranes dances in 
time to the beats. I bring them nearer to unison, the 
beats are now slow, and the flame at successive intervals 



* Described in Lecture V. 
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withdraws, its Kght and appears to exhale it. A process 
which reminds you of the inspiration and expiration of 
the breath is thus carried on by the flame. If the mirror 
now be turned, the flame produces a luminous band ; con- 
tinuous at certain places, but for the most part broken 
into distinct images of the flame. The continuous parts 
correspond to the intervals of interference, where the two 
sets of vibrations abolish each other. 

Instead of permitting both pipes to act upon the same 
flame we may associate a flame with each of them. The 
deportment of the flames is then very instructive. Sup- 
posing both flames to be in the same vertical line, the 
one of them being exactly under the other. Bringing the 
pipes into unison, and turning the mirror, we resolve each 
flame into a chain of images, but we notice that the 
images of the one occupy the spaces between the images 
of the other. The periods of extinction of the one flame, 
therefore, correspond to the periods of rekindling of the 
other. The experiment proves, that when two unisonant 
pipes are placed thus close to each other, their vibra- 
tions are in opposite phases. The consequence of this 
is, that the two sets of vibrations permanently neutralise 
each other, so that at a little distance from the pipes 
you fail to hear the fundamental tone of either. For this 
reason we cannot, with any advantage, place close to each 
other several pipes of the same pitch in an organ. 

In the case of beats, the amplitude of the oscillating 
air reaches a maximum and a minimum periodically. 
By the beautiful method of M. Lissajous we can illustrate 
optically this alternate augmentation and diminution of 
amplitude. Placing a large tuning-fork, t', fig. 144, in front 
of the electric lamp, l, I receive upon the mirror of the 
fork a luminous beam, which is reflected back to the 
mirror of this second fork, t, and by it thrown on to the 
screen, where it forms a luminous disc. You notice that 
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both forks are upright in this experiment. I draw 
my bow over the fork t! ; the beam, as in the experi- 
ments described in our second lecture, is tilted up and 
down, the disc upon the screen stretching to a lu- 
minous band three feet long. I now agitate the fork 
T; a moment's reflection will make it plain to you that 

Fig. 144. 




*•tfAWM^./< 



the one fork here may either act in concert with, or 
in opposition to the other, the band upon the screen 
being, in consequence, either lengthened or shortened. 
Whether it is so, or not, is a matter of accident. If, 
in drawing my bow over the second fork, I cause the 
vibrations of both to coincide in pliase, I lengthen the 
band; if the phases are in opposition, total or partial 
neutralisation of one fork by the other will be the 
result. It so happens that the second fork here adds 
something to the action of the first, the band of light 
being now four feet long. I have tuned these forks 
as perfectly as possible. Each of them executes exactly 
64 vibrations in a second ; the initial relation of their 
phases remains, therefore, constant, and hence you notice 
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a gradual shortening of the luminous band, exactly like 
that observed in the case of a single fork, during the 
subsidence of its vibration. The band at length dwindles 
to the original disc, which remains motionless upon the 
screen. 

I now attach, with wax, a threepenny-piece to the 
prong of one of these forks, and thereby lower its rate 
of vibration. The phases of the two forks cannot now 
retain a constant relation to each other. One fork inces- 
santly gains upon the other, and the consequence is that 
sometimes the phases of both will coincide, and at other 
times they will be in opposition. Observe the result. At 
the present moment the two forks conspire, and we have 
a luminous band four feet long upon the screen. This 
slowly contracts, drawing itself up to a mere disc ; but the 
action halts here only during the moment of opposition. 
That passed, the forks begin again to assist each other, 
and the disc once more slowly stretches into a band. The 
action here is very slow. I quicken it by attaching a sixpence 
to the loaded fork. The band of light now stretches, and 
contracts in perfect rhythm. When the band is longest the 
two forks conspire ; when it is shortest their phases are in 
opposition. The action, rendered here optically evident, 
is impressed upon the air of this room ; its particles 
alternately vibrate and come to rest, and, as a consequence, 
beats are heard in perfect synchronism with the changes of 
the figure upon the screen. 

The time which elapses from maximum to maximum, 
or from minimum to minimum, is that required for the 
one fork to perform one vibration more than the other. 
At present this time is about two seconds. In two seconds, 
therefore, one beat occurs. I augment the dissonance by 
increasing the load; the rhythmic lengthening and shorten- 
ing of the band of light is now more rapid, while the inter- 
mittent hum of the forks is very audible. If you look at 
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your watches, you will observe that there are now six 
elongations and shortenings in the interval taken up 
a moment ago by one ; the beats are at the same time 
heard at the rate of three a second. By loading the 
fork still more, the alternations may be caused to succeed 
each other so rapidly that the lengthenings and shorten- 
ings can no longer be followed by the eye, while the 
beats, at the same time, cease to be individually distinct, 
and appeal as a kind of roughness to the ear. 

In the experiments with a single tuning-fork, described 
in our second lecture, I received the beam reflected 
from the fork on a looking-glass, and, by turning the 
glass, caused the band of light upon the screen to 
stretch out into a long wavy line. I explained to you at 
the time that the loudness of the sound depended on the 
depth of those indentations. In the present instance 
we have not a continuous but an intermittent sound. If 
amplitude, therefore, expresses loudness, and if the image 
now before us be drawn out in a sinuous line, the sinuo- 
sities ought to be at some places deep, while at others 
they ought to vanish altogether. This is the case. By 
a little tact I cause the mirror of the fork t to turn 
through a small angle, and you have now before you a 
sinuous line composed of swellings and contractions, 
shown in part in fig. 144, but more fully in fig. 145, the 

Fig. 145. 




swellings corresponding to the periods of coincidence, and 
the contractions to the periods of interference.* 

* The figure is but a meagre representative of the fact. The band of 
light was two inches wide, the depth of the sinuosities varying from three 
feet to zero. 
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Here, then, we have amply illustrate the general truth 
that two vibrating bodies, each of which separately produces 
a musical sound, can, when acting contemporaneously, 
abolish each other's action. It follows from this that 
when two vibrating bodies neutralise each other, we can, 
by quenching the vibrations of one of them, give sonorous 
eflfect to the other. It very often happens that when two 
tuning-forks, on their resonant cases, are vibrating in 
unison, the stoppage of one of them is accompanied by an 
augmentation of the sound. I can further illustrate this 
point by means of the vibrating bell exhibited in our fourth 
lecture. Placing its resonant tube in front of one of its 
nodes, you hear a sound, but nothing like what you hear 
when the tube is opposed to a ventral segment ; the reason 
being that, the vibrations of a bell on the two sides of 
a nodal line are in opposite directions, and therefore inter- 
fere with each other. By introducing a glass plate between 
the bell and the tube I intercept the vibrations on one 
side of the nodal line; an instant augmentation of the 
sound is the consequence. 

A disc is still better suited for this experiment. You 
have already learned that in the case of a vibrating disc 
every two adjacent sectors move at the same time in opposite 
directions. When the one rises the other falls, the nodal 
line marking the limit where there is neither rise nor fall. 
Hence, at the moment when any one of the sectors pro- 
duces a condensation in the air above it, the adjacent sector 
produces a rarefaction in the same air. Interference, 
and a partial destruction of the sound of one sector by the 
other, is the result. And here let me introduce to your 
notice an instrument by which the late William Hopkins 
illustrated the principle of interference. The tube A B, 
tig. 146, divides at b into two branches. The end A of the 
tube is closed by a membrane. Scattering sand upon this 
membrane, and holding the ends of the branches over 
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adjacent sectors of a vibrating disc, no motion (or at 

least an extremely feeble motion) of the sand is perceived. 

Here, in fact, the waves ^ ,^^ 

' Fig. 146. 

from both sectors neu- 
tralise each other, being 
generated by vibrations 
which are equal and op- 
posite. Placing the ends 
of the two branches over 
alteimate sectors of the 
disc, as in fig. 146, the 
sand is tossed from the 
membrane, proving that 
in this case we have 
coincidence of vibration 
on the part of the two 
sectors. 

We are now prepared for a very instructive experiment 
which we owe to M. Lissajous. I divide this brass disc 
into six vibrating sectors; 

and bringing the palm of \rSk ^i«- 1^7. 

my hand near any one of 
the sectors I intercept its 
vibrations. The sound is 
augmented. Placing my 
two hands over two ad- 
jacent sectors, you notice 
no increase of the sound. 
Placing them, however, 
over alternate sectors, as 
in fig. 147, a striking aug- 
mentation of the sound 
is the consequence. By 

simply lowering and raising my two hands, I produce 
these marked variations of intensity^ By the approach 
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of my hands I intercept the vibrations of the two sectors ; 
their interference right and left being thus abolished, 
the remaining sectors sound more loudly. Passing my 
single hand to and fro along the surface, you also hear 
a rise and fall of the sound. It rises when my hand 
is over a vibrating sector ; it falls when the hand is over a 
nodal line. Thus, by sacrificing a portion of the vibra- 
tions, we make the residue more effectual. Experiments 
similar to these may be made with light and radiant heat. 
If of two beams of the former, which destroy each other 
by interference, one be removed, light takes the place 
of darkness ; and if of two interfering beams of the latter, 
one be intercepted, heat takes the place of cold. 

You must have remarked the almost total absence of 
sound on the part of a vibrating tuning-fork when held free 
in the hand. The feebleness of the fork as a sounding body 
arises in great part from interference. The prongs always 
vibrate in opposite directions, one producing a condensation 
where the other produces a rarefaction, a destruction of 
sound being the consequence. By simply passing a paste- 
board tube over one of the prongs of the fork, its vibrations 
are in part intercepted, and an augmentation of the sound 
is the result. The single prong is thus proved to be more 
effectual than the two prongs. There are positions in 
which the destruction of the sound of one prong by- that 
of the other is total. These positions are easily found by 
striking the fork, and turning it round before the ear." 
When the back of the prong is parallel to the ear the 
sound is heard ; when the side surfaces of both prongs are 
parallel to the ear the sound is also heard ; but when the 
comer of a prong is carefully presented to the ear the 
sound is utterly destroyed. During one complete rotation 
of the fork we find four positions where the sound is thus 
obliterated. 

Let 8 8^ represent the two ends of the tuning-fork, looked 
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down upon as it stands upright. When the ear is placed 
at a or 6, or at c or rf, the sound is heard. Along the four 
dotted lines, on the 
contrary, the waves 
generated by the 
two prongs com- 
pletely neutralise 
each other, and 
along these lines 
nothing is heard. 
These lines liave 
been proved by /' d 

Weber to be hyper- 
bolic curves ; and 
this must be their 
character according '' 
to the principle of interference. 

This remarkable case of interference, which was first 
noticed by Dr. Thomas Young, and thoroughly investigated 
by the brothers 
Weber, may be "^ 

rendered audible to 
you all by means 
of resonance. I 
have here a jar 
which powerfully 
resounds to this 
tuning-fork. Bring- 
ing the fork over 
the jar, I cause it 
to rotate slowly. In 
four positions you 
have this loud resonance ; in four others absolute silence, 
alternate risings and fallings of the sound accompanying 
the fork's rotation. While the fork is over the jar with 

T 
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its corner downwards, and the sound entirely extin- 
guished, I pass a pasteboard tube over one of its prongs, 
as in fig. 149 ; a loud resonance announces the withdrawal 
of the vibrations of that prong. To obtain this eflfect the 
fork must be held over the centre of the jar, so that the 
air shall be symmetrically distributed on both sides of it. 
Moving the fork from the centre towards one of the sides, 
without altering its inclination in the least, you obtain a 
forcible sound. Interference, however, is also possible near 
the side of the jar. Holding the fork, not with its comer 
downwards, but with both its prongs in the same horizontal 
plane, a position is soon found near the side of the jar 
where the sound is extinguished. In passing completely 
from side to side over the mouth of the jar, two such 
places of interference are discoverable. 

A variety of experiments will suggest themselves to the 
reflecting mind, by which the eflfect of interference may be 
illustrated. It is easy, for example, to find a jar which re- 
sounds to a vibrating plate. I place such ajar over a vibrating 
segment of this disc, the resonance is powerful ; placed over 
a nodal line, the resonance is entirely absent. I interpose a 
piece of pasteboard between the jar and disc, so as to cut oflf 
the vibrations on one side of the nodal line ; the jar in- 
stantly resounds to the vibrations of the other. Again, hold- 
ing two forks, which vibrate with the same rapidity, over 
two resonant jars, the sound of both flows forth in unison. 
When a bit of wax is attached to one of the forks, powerful 
beats are heard. Removing the wax, the unison is restored. 
I place one of these unisonant forks in the flame of 
a spirit lamp and warm it ; its elasticity is changed by 
its change of temperature, and now it produces these long 
loud beats with its imwarmed fellow. I load the cold 
fork a little and find the unison restored ; the beat, 
therefore, has diminished the elasticity of the steel.* I 

♦ In his admirable experiments on tuning, Scheibler found in the beats 
A test of differences of temperature of exceeding delicacj. 
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now cool the fork, restore it to its resonant case, and 
draw my bow across it. Both the wood and the air of 
the case are thrown into resonant vibration. In fact, 
the case is so constructed that the air within it resounds 
to the fork. I load the other fork, and bring it near the 
mouth of the case, as in fig, 150; loud beats are the 
consequence. I divide this jar by a vertical diaphragm, 
and bring one of the forks over one of its halves, and the 

Fig. 150. 




other fork over the other. The two semi-cylinders of air 
produce beats by their interference. I now remove the 
diaphragm ; the beats continue as loud as before, one half 
of the same column of air interfering with the other.* 

The intermittent sounds of certain bells, heard more 
especially when their tones are subsiding, is an effect of 
interference. The bell, through lack of symmetry, as ex- 
plained in our fourth lecture, vibrates in one direction a 
little more rapidly than in the other, and beats are the 
consequence of the coalescence of the two different rates 
of vibration. 

♦ Mr. Wheatstone and Sir John Herschel, I believe, made this experi- 
ment independently. 

T 2 
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RESULTANT TONES. 

We have now to turn from this question of interference 
to the consideration of a new class of musical sounds, of 
which the beats were long considered to be the progenitors. 
The sounds here referred to require for their production 
the union of two distinct musical tones. Where such 
union is effected, under the proper conditions, resultant 
tones are generated, which are quite distinct from the 
primaries concerned in their production. These resultant 
tones were discovered in 1745, by a German organist 
named Sorge, but the publication of his discovery attracted 
little attention. They were discovered independently in 
1754 by the celebrated Italian violinist Taitini, and after 
him have been called Tartini's tones. 

To produce these tones it is desirable, if not necessary, 
that the two primary tones shall be of considerable inten- 
sity. Helmholtz prefers the syren to all other means of 
exciting them, and with this instrument they are very 
readily obtained. It requires some attention at first, on 
the part of the listener, to single out the resultant tone 
from the general mass of sound ; but with a little prac- 
tice, this is readily accomplished ; and though the unprac- 
tised ear may fail, in the first instance, thus to analyse the 
sound, the clang-tint is influenced in an unmistakable 
naanner by the admixture of resultant tones. Before me is 
Dove's syren ; I set it in rotation, and open two series of 
holes at the same time. With all the attention I can 
bestow, I am as yet unable to hear the least symptom of 
a resultant tone. I urge the instrument to greater rapi- 
dity, and now for the first time I hear a duU low droning 
mingling with the two primary sounds. I urge the syren 
to greater speed, and as I do so, the low resultant tone 
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rises rapidly in pitch, and now to me, who stand close to 
the instrument, it is very audible. The two series of holes 
here open, number 8 and 12 respectively. The resultant 
tone is in this case precisely such as we should obtain if a 
series of 4 holes were opened in this rotating disc ; that is 
to say, it is an octave below the deepest of the two prima- 
ries. I now open two other series of orifices, numbering 
12 and 16 respectively. The resultant tone is here quite 
audible, and it also would be given by a series of 4 holes 
in the rotating disc. Its rate of vibration is therefore 
one-third of the rate of the deepest of the two primaries. 
Again I open two series, numbering respectively 10 and 
16* The resultant of these two tones would be given by 
a series of 6 orifices in our rotating disc. In all these 
cases, the resultant tone is that which corresponds to a 
rate of vibration equal to the difference of the rates of 
the two primaries. 
, When I speak here of the resultant tone, I mean the- 
one actually heard in the experiment. But this is not 
the only resultant. With finer methods of experiment 
other resultant tones are proved to exist. Those on which 
we have now fixed our attention are, however, the most 
important, on account of their intensity. They are called 
difference tones by Helmholtz, in consequence of the 
law above mentioned. 

To bring these resultant tones audibly forth, the pri- 
maries must, as already stated, be forcible. When they 
are feeble the resultants are unheard. I am acquainted 
with no method of exciting these tones more simple 
and effectual than a pair of suitable singing flames. Be- 
fore me are two flames of common gas, over which I 
place two glass tubes, provided with paper sliders, by 
which their lengths may be varied within certain limits. 
Both flames are now emitting powerful notes, — self-created, 
self-sustained, and requiring no muscular effort on the 
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part of thie observer to keep them going. The length of 
the shorter tube at this moment is lOf inches, that of the 
other is 11*4 inches. I hearken to the sound, and in the 
midst of the shrillness detect a very deep resiiltant tone*; 
The reason of its depth is manifest : the two tubes being 
so nearly alike in length, the diflference between their 
vibrations is small, and the note corresponding to this 
diflference, therefore, low in pitch. . But I now lengthen 
one of the tubes by means of its slider; the resultant 
tone rises gradually, and now it swells to an extent suf- 
ficient to render it audible to many of you. I shorten 
the tube; again the resultant tone falls, and thus by- 
alternately raising and lowering the slider, I cause the 
resultant tone, to rise and sink in accordance with the law 
which makes the number of its vibrations the diflference 
between the numbers of its two primaries. 

We can determine, with ease, the actual number of vi- 
brations corresponding to any one of those resultant tones. 
The sound of the flame is that of the open tube which 
surrounds it, and we know that the lengtK of such a tube 
is half that of the sonorous wave that it produces. The 
wave-length, therefore, corresponding to our lOf-inch 
tube is 20| incheau The velocity of sound in air of the 
temperature of this room is 1,120 feet a second. Bringing 
these feet to inches, and dividing by 20f, we find the 
number of vibrations corresponding to a length of lOf 
inches to be 648 per second. 

But it must not be forgotten here, that the air in 
which the vibrations are actually executed is much more 
elastic than the air of this room. The flame heats the air 
of the tube, and the vibrations must, therefore, be executed 
more rapidly than they would be in an ordinary organ- 
pipe of the same length. To determine the actual num- 
ber of vibrations, we must fall back upon our syren ; and 
with this instrument I find that the air within our lOf-inch 
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tube executes 717 vibrations in a second. The diflference 
of 69 vibrations a second is due to the heating of the aerial 
column. Carbonic acid and aqueous vapour are, moreover, 
the products of the flame's combustion, and their presence 
must also affect the rapidity of the vibration. 

Determining in the same way the rate of vibration of 
our ll*4-inch tube, we find it to be 667 per second; the 
difference between this number and 717 is 50, which 
expresses the rate of vibration corresponding to our first 
deep resultant tone. 

But this number does not mark the limit of audibility. 
Permitting the ir4-inch tube to remain as before, I now 
lengthen its neighbour until the resultant tone sinks 
near the limit of my power of hearing. I will not push 
matters beyond the point of certainty, and now, when my 
shorter tube measures 1 1 inches, I can still plainly hear the 
deep sound of the resultant tone. The number of vibra- 
tions per second executed in this 11 -inch tube I find to be 
700. We have already found the number executed in the 
11-4-inch tube to be 667 ; hence 700 — 667 = 33, which 
is the number of vibrations corresponding to the resultant 
tone now plainly heard when I converge my attention 
upon it. We here come very near the limit which Helm- 
holtz has fixed as that of musical audibility. Again, I 
take this tube, 17f inches in length, and cause its sound to 
combine with that of the lOf-inch tube. A resultant tone 
of higher pitch than any previously heard is the conse- 
quence. Now the actual number of vibrations executed in 
this longer tube is 459 ; and we have already found the 
vibrations of our 1 Of -inch tube to be 717; hence 717 — 
459 = 258, which is the number corresponding to the 
resultant tone now audible. This note is almost exactly 
that of one of our tuning-forks, which, you will remember, 
vibrates 256 times in a second. 

And now let us avail ourselves of a beautiful check 
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which this result suggests to us. Here is the well-koown 
fork which vibrates at the rate just mentioned. It is 
mounted on its case, and I touch it with my bow so lightly- 
that the sound alone could hardly be heard ; but it instantly 
coalesces with the resultant tone, and the beats produced 
by their combination are clearly audible. By loading my 
fork, and thus altering its pitch, or by drawing up my 
paper slider, and thus altering the pitch of the flame, I can 
alter the Tate of these beats, exactly as you have seen me 
alter it when comparing two primary tones together. 
By slightly varying the size of the flame the same effect is 
produced. You cannot fail to observe how beautifully 
these results play into each other. 

Standing midway between the syren and a shrill singing 
flame, and gradually raising the pitch of the syren, the 
resultant tone soon makes itself heard, sometimes swelling 
out with extraordinary power. When a pitch-pipe is 
blown near the flame, the resultant tone is also heard, 
seeming, in this case, to originate in the ear itself, or 
rather in the brain. By gradually drawing out the stopper 
of the pipe, the pitch of the resultant tone is caused to 
vary in accordance with the law already enunciated. 

The resultant tones produced by the combination of the 
ordinary harmonic intervals * are given in the following 
table : — 





Ratio of 
vibrations 


1 The resultant tone is 


Interval 


DiflPerence deeper than the lowest 






1 primary tone by^ 


Octave 


1 :2 


1 1 


Fifth 


2: 3 




an octave 


Fourth . 


3: 4 




a twelfth 


Major third . , 


4:5 




two octaves 


Minor third 


5:6 




two octaves and a 
major third 


Major sixth 


3: 5 


2 


a fifth 


Minor sixth 


5: 8 


3 


major sixth 



* A subject to be dealt with in our next lecture. 
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' The celebrated Thomas Young thought that these re- 
sultant tones vrere due to the coalescence of rapid beats^ 
which linked themselves together like the periodic im- 
pulses of an ordinary musical note. This explanation 
harmonised with the fact that the number of the beats, 
like that of the vibrations of the resultant tone, is equal 
to the diflference between the two sets of vibrations which 
produce the beats. This explanation, however, is in- 
sufficient. The beats tell more forcibly upon the ear than 
any ctmtinuous sound. They can be plainly heard when 
each of the two sounds that produce them has ceased to be 
audible. This depends in part upon the sense of hearing, 
but it also depends upon the fact that when two notes of 
the same intensity produce beats, the amplitude of the 
vibrating air-particles is at times destroyed, and at times 
doubled. But by doubling the amplitude we quadruple 
the intensity of the sound. Hence when two notes of the 
same intensity produce beats, the aouTid incessantly 
varies between silence and a tone of four times the 
intensity of either of the interfering ones. 

If therefore the resultant tones were due to the beats of 
their primaries, they ought to be heard, even when the 
primaries are feeble. But they are not heard, under these 
circumstances. This fact led Helmholtz to reinvestigate 
the subject. I have already had occasion to state to you, 
that when several sounds traverse the same air, each 
particular sound passes through the air as if it alone were 
present, that amid composite sounds, each particular 
element of the composition asserts its own individuality, 
and nothing more. Now, this is only in strictness true 
when the amplitudes of the oscillating particles are in- 
finitely small. Guided by pure reasoning, the mathema- 
tician arrives at this result. The law is also practically 
true when the disturbances are extremely small ; but it is 
not true after they have passed a certain limit. Vibrations 
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which produce a large amount of disturbance give birth to 
secondary waves, which appeal to the ear as resultant 
tones. Having proved this, Helmholtz inferred further 
that there are also resultant tones formed by the sum of the 
primaries, as well as by their difference. He thus discovered 
his aurrmiation tones before he had heard them; and 
bringing his result to the test of experiment, he found 
that these summation tones have a real physical existence. 
They are not to be explained by Young's theory, but they 
receive a complete explanation by that of Helmholtz. 

Another consequence of this departure from the law of 
supei-position is, that a single sounding body, which dis- 
turbs the air beyond the limits of the law of the super-= 
position of vibrations, also produces secondary waves, which 
correspond to the harmonic tones of the vibrating body. 
For example, the rate of vibration of the first overtone of 
a tuning-fork, as stated in our fourth lecture, is 6:^ times the 
rate of the fundamental tone. But Helmholtz distinctly 
proves that a tuning-fork, not excited by a bow, but vigo- 
rously struck against a pad, emits the octave of its funda- 
mental note, this octave being due to the secondary waves 
set up when the limits of the law of superposition have 
been exceeded. 

These considerations make it probably evident to you 
that a coalescence of musical sounds is a far more com- 
plicated dynamical condition than you have hitherto sup- 
posed it to be. In the music of an orchestra, not only 
have we the fundamental tones of every pipe and of every 
string, but we have the overtones of each, sometimes audi- 
ble as far as the sixteenth in the series. We have also 
resultant tones; both difference tones and summation 
tones ; all trembling through the same air, all knocking at 
the self-same tympanic membrane. We have fundamental 
tone interfering with fundamental tone ; we have overtone 
interfering with overtone ; we have resultant t^ne inter- 
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fering with resultant tone. And besides this, we have the 
members of each class interfering with the members of 
every other class. The imagination retires baffled from 
any attempt to realise the physical condition of the atmo- 
sphere through which those sounds are passing. And, as 
we shall learn in our next lecture, the aim of music, 
through the centuries during which it has ministered to 
the pleasure of man, has been to arrange matters empi- 
rically, so that the ear shall not suffer from the dis- 
cordance produced by this multitudinous interference. 
The musicians engaged in this work knew nothing of the 
physical facts and principles involved in their efforts; 
they knew no more about it than the inventors of gun- 
powder knew about the law of atomic proportions. They 
tried and tried till they obtained a satisfactory result, and 
now, when the scientific mind is brought to bear upon the 
subject, order is seen rising through the confusion, and the 
results of pure empiricism are found to be in harmony 
with natural law* 
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SUMMARY OF LECTURE VIL 

When several systems of waves proceeding from distinct 
centres of disturbance pass through water or air, the mo- 
tion of every particle is the algebraic sum of the several 
motions impressed upon it. 

In the case of water, when the crests of one system of 
waves coincide with the crests of another system : higher 
waves will be the result of the coalescence of the two 
systems. But when the crests of one system coincide with 
the sinuses, or furrows, of the other system, the two 
systems, in whole or in part, destroy each other. 

This mutual destruction of two systems of waves is 
called interference. 

The same remarks apply to sonorous waves. If in two 
systems of sonorous waves condensation coincides with 
condensation, and rarefaction with rarefaction, the sound 
produced by such coincidence is louder than that produced 
by either system taken singly. But if the condensations 
of the one system coincide with the rarefactions of the 
other, a destruction, total or partial, of both systems is the 
consequence. 

Thus, when two organ-pipes of the same pitch are placed 
near each other on the same wind-chest and thrown into 
vibration, they so influence each other, that as the air 
enters the embouchure of the one it quits that of the 
other. At the moment, therefore, the one pipe produces 
a condensation the other produces a rarefaction. The 
sounds of two such pipes mutually destroy each other. 

When two musical sounds of nearly the same pitch are 
sounded together the flow of the sound is disturbed by heats. 
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These beats are due to the alternate coincidence and 
interference of the two systems of sonorous waves. If the 
two sounds be of the same intensity their coincidence pro- 
duces a sound of four times the intensity of either ; while 
their interference produces absolute silence. 
: The effect, then, of two such sounds, in combination, i^ 
a series of shocks, which we have called * beats,' separated 
from each other by a series of * pauses.' 

The rate at which the beats succeed each other is equal 
to the difference between the two rates of vibration. 

When a bell or disc sounds, the vibrations on opposite 
sides of the same nodal line partially neutralise each other ; 
when a tuning-fork sounds the vibrations of its two prongs 
in part neutralise each other. By cutting off a portion of 
the vibrations in these cases the sound may be intensified. 

When a luminous beam, reflected on to a screen from 
two tuning-forks producing beats, is acted upon by the 
vibrations of both, the intermittence of the sound is an- 
nounced by the alternate lengthening and shortening of 
the band of light upon the screen. 

The law of the superposition of vibrations above enun- 
ciated is strictly true only when the amplitudes are ex- 
ceedingly small. When the disturbance of the air by a 
sounding body is so violent that the law no longer holds 
good, secondary waves are formed which correspond to the 
harmonic tones of the sounding body. 

When two tones are rendered so intense as to exceed the 
limits of the law of superposition, their secondary waves 
combine to produce resultant tones. 

Kesultant tones are of two kinds ; the one class corre- 
sponding to rates of vibration equal to the difference 
of the rates of the two primaries; the other class corre- 
sponding to rates of vibration equal to the sum of the 
two primaries. The former are called difference tonea^ 
the latter summation tones. 
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LECTUEE VIII. 

COMBINATION OF MUSICAL SOUNDS— THE SMALLER THE TWO NUMBBBS WHICH 
EXPRESS THE RATIO OF THEIR BATES OF VIBRATION, THE MORE PERFECT IS 
THE HARMONY OF TWO SOUNDS — NOTIONS OF THE PYTHAGOREANS REGARDING 
MUSICAL CONSONANCE — EULEr's THEORY OF CONSONANCE -PHYSICAL ANA- 
LYSIS OF THE QUESTION — THEORY OF HBLMHOLTZ — ^DISSONANCE DUE TO 
BEATS— INTERFERENCE OF PRIMARY ' TONES AND OP OVERTONES — GRAPHIC 
REPRESENTATION OF CONSONANCE AND DISSONANCE — MUSICAL CHORDS — 
THE DIATONIC SCALE — OPTICAL ILLUSTRATION OF MUSICAL INTERVALS — 
LISSAJOUS' FIGURES — SYMPATHETIC VIBRATIONS — MECHANISM OF HEARING 
— SCHULTZB's BRISTI^S — THE OTOLITES — CORTl'S FIBRES— CONCLUSION. 

THE subject of this day's lecture has two .sides, the 
one physical, the other sesthetical. We have this 
day to study the question of musical consonance — to 
examine musical sounds in definite combination with 
each other; and to unfold the reason why some com- 
binations are pleasant and others unpleasant to the ear. 

Here are two tuning-forks mounted on their resonant 
cases. I draw a fiddle-bow across them in succession : they 
are now sounding together, and their united notes reach 
your ears as the note of a single fork. Each of these forks 
executes 256 vibrations in a second. Two musical sounds 
flow thus together in a perfectly blended stream, and 
produce this 'perftct unison when the ratio of their vibra- 
tions is as 1 : 1. 

Here are two other forks, which I cause to sound by the 
passage of the bow. These two notes also blend sweetly 
and harmoniously together. By means of our syren I 
have already determined the rates of vibration of the 
forks, and found that this large one executes 256 vibrations 
a second, while the small one executes 512. For every 
single wave, therefore, sent to the ear by the one fork two 
waves are sent by the other. I need not tell the musicians 
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present that the combination of sounds now heard is that 
of a fundamental note and its octave; nor need I tell them 
that, next to the perfect unison, these two notes, the ratio 
of whose vibrations is as 1:2, blend most harmoniously 
togethen 

I now throw another pair of forks into contempora^ 
neous vibration. The combination of the two sounds is 
very pleasing to the ear, but the consonance is hardly 
so perfect as in the last instance. There is a barely per- 
ceptible roughness here, which is absent when a note and 
its octave are sounded. The roughness, however, is too 
insignificant to render the combination of the two notes 
anything but agreeable. I look to the numbers stamped 
upon these two forks, and find that one of them executes 
256 and the other 384 vibrations in a second. These two 
numbers are to each other in the ratio of 2:3; one 
of the forks, therefore, sends two waves and the other 
three waves to the ear in the same interval of time. 
The musicians present know that the two notes now 
sounding are separated from each other by the musical 
interval called a fifth. Next to the octave this is the most 
pleasing combination. 

I once more change the forks, and sound two others 
simultaneously. The combination is still agreeable, but 
not so agreeable as the last. The roughness there inci- 
pient is here a little more pronounced. One of these forks 
executes 384 vibrations, the other 512 vibrations, in a 
second ; the two numbers standing to each other in the 
ratio of 3 : 4. This interval the musicians present recognise 
as a fourth. Thus, then, with perfect unison the ratio of 
the vibrations is as 1 : 1 ; with a note and its octave it 
is 1 : 2 ; with a note and its fifth it is 2 : 3 ; and with a 
note and its fourth it is 3 : 4. We here notice the 
gradual development of the remarkable law that tlie com-- 
bination of two notes is the more pleasing to the ear. 
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the smalls the two nurnherd which express the ratio of 
their vibrations. I pass on to two forks whose rates of vi- 
bration are in the ratio of 4 : 5, or a major third apart ; the 
harmony is less perfect than in any of the cases which 
we have examined. With a ratio of 5 : 6, or that of 
a minor third, it is usually less perfect still, and we now 
approach a limit beyond which a musical ear will not tole- 
rate the combination of two sounds. Here, for example, are 
two forks whose vibrations are in the ratio of 13 : 14; you 
would pronounce their combination altogether discordant. 
It must not be imagined that the choice of these com- 
binations was determined by scientific knowledge. They 
were chosen empirically, and in consequence of the plea- 
sure which they gave, long before anything was known 
regarding their numerical simplicity. 

Pythagoras made the first step towards the physical 
explanation of these musical intervals. This great philo- 
sopher stretched a string, aad then divided it into three 
equal parts. At one of its points of division he fixed 
it firmly, thus converting it into two, one of which was 
twice the length of the other. He sounded the two sections 
of the string simultaneously, and found the note emitted 
by the short section to be the higher octave of that emitted 
by the long one. He then divided his string into two parts, 
bearing to each other the proportion of 2 : 3, and found 
that the notes were separated by an interval of a fifth. 
Thus, dividing his string at diflferent points, Pythagoras 
found the so-called consonant intervals in music to corre- 
spond with certain lengths, of his string ; and he made the 
extremely important discovery, that the simpler the ratio 
of the two parts into which the string was divided, the 
more perfect was the harmony of the two sounds. Pytha- 
goras went no further than this, and it remained for the 
investigators of a subsequent age to show that the strings 
act in this way in virtue of the relation of their lengths to 
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the number of their vibrations. Why simplicity should 
give pleasure remained long an enigma, the only pre- 
tence of a solution being that of Euler, which, briefly 
expressed, is, that ibe human soul takes a constitutional 
delight in simple calculations. 

The double syren, the figure of which I reproduce here, 
fig. 151, enables us to ol^^ala all these combinations and a 
great many others. And this instrument possesses over all 
others the advantage that, by simply counting the num- 
ber of orifices corresponding respectively to any two notes, 
we obtain immediately the ratio of their j»tes of vibration. 
We need not, therefore, rely upon remits obtained with 
tuning-forks which were stamped in Paris: we have, in 
our own hands, the means of arriving at absolute certainty 
regarding the combinations of musical sounds. But before 
proceeding to these combinations I will enter a little more 
fully into the action of the double syren than I have 
hitherto deemed necessary or desirable. 

The instrument, as you know, consist^ of two of Dove's 
syrens, c' and c, connected by a common axis, the upper 
syren c' being turned upside down. Each syren is provided 
with four series of apertures, numbering as follows : — 

Upper syxen. Lower sj^en. 

ifiTniiiba: of apevture&. Knmb^r of aperttires. 

1st Series .... 16 18 

2nd Series ... 15 12 

3rd Series ... 12 10 

4th Series ... 9 8 

The number 12, it will be observed, is common to both 
syrens. I now open the two series of 12 orifices each^ 
and urge air through the instrument ; both sounds flow 
together in perfect unison ; the unison being maintained 
however highly the pitch fiiay be exalted. You have, 
however, learned in our second lecture that by turning 
the handle of the upper syren, we can cause the orifices 
in its wind-chest c' eith^^to meet those of its rotating 

u 
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disc, or to retreat from them, and that this places it in our 
power either to raise or to lower, within small limits, the 
pitch of the upper syren. This change of pitch instantly 
announces itself by beats. The more rapidly the handle is 
turned, the more is the tone of the upper syren raised above 
or depressed below that of the lower one, and, as a conse- 
quence, the more rapid are the beats. Now the rotation of 
the handle is so related to the rotation of the wind-chest c', 
that when the handle turns through half a right angle the 
wind-chest turns through ^th of a right angle, which is 
equal to ^^i^th of its whole circumference. But in the case 
now before us, where the circle is perforated by 12 ori- 
fices, the rotation through -j^^^th of its circumference causes 
the apertures of the upper wind-chest to be closed at 
the precise moments when those of the lower syren are 
opened, and vice verad. It is plain, therefore, that the 
intervals between the puffs of the lower syren, which 
correspond to the rarefactions of its sonorous waves, are 
here filled by the puffs, or condensations, of the upper 
syren. In fact, the condensations of the one coincide here 
with the rarefactions of the other, and the absolute extinc- 
tion of the sounds of both syrens is the consequence. 

I may seem to you to have exceeded the truth here, for 
when the handle is placed in the position which corre- 
sponds to absolute extinction, you still hear a sound. And 
when I turn the handle thus continuously, though alter- 
nate swellings and sinkings of the tone occur, the sinkings 
by no means amount to absolute silence. The reason is this. 
The sound of this syren is a highly composite one. By 
the suddenness and violence of its shocks, not only does it 
produce waves corresponding to the number of its orifices, 
but the aerial disturbance breaks up into secondary waves, 
which associate themselves with the primary waves of the 
instrument, exactly as the harmonics of a string, or of an 
open organ-pipe, mix with their fundamental tone. When 

u 2 
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the syren sounds, therefore, it emits, besides the funda- 
mental tone, its octave, its twelfth, its double octave, and 
so on. That is to say, it breaks the air up into vibrations 
which have twice, three times, four times, &c., the ra- 
pidity of the fundamental one. Now, by turning the 
upper syren through -j^th of its circumference, we extin- 
guish utterly the fundamental tone. But we do not ex* 
tinguish its octave.* Hence, when I turn the handle into 
the position which corresponds to the extinction of the 
fundamental, instead of obtaining silence, I obtain the full 
first harmonic of the instrument. 

You will observe that Helmholtz has surrounded both 
his upper and his Jower syren with circular brass boxes, b, b', 
each composed of two halves, one of which is removed in 
each of the figures. These boxes exalt by their resonance 
the fundamental tone of the instrument, and enable us to 
follow its variations much more easily them if it were not 
thus exalted. It requires a certain rapidity of rotation to 
reach the maximum resonance of the brass boxes, but 
when this speed is attained, the fundamental tone swells 
out with greatly augmented force, and, if the handle 
be then turned, the beats succeed each other with extra- 
ordinary power. 

Still, as I have said, the pauses between the beats of 
the fundamental tone are not intervals of absolute silence, 
but are fiUed by the higher octave; and this renders 
caution necessary when the instrument is employed to 
determine rates of vibration. Wishing to determine the 
number of times a small singing flame extinguished and 
relighted itself in a second, I once placed a syren at 
some distance from the flame, sounded the instrument, 
and after a little time observed the flame dancing in 
synchronism with audible beats. I took it for grants 

* Nop indeed any of those tones whose rates of yibration are even 
multiples of the rate of the fandamental. 
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that unison was nearly attained, and, under this assumption, 
determined the rate of vibration. The number obtained 
was surprisingly low ; indeed I had reason to know that it 
could not be more than half what it ought to be. What 
was the reason ? Simply this ; I was dealing, not with the 
fundamental tone of the syren but with its higher octave. 
This octave and the flame produced beats by their coa- 
lescence, and hence the counter of the instrument, which 
recorded the rate, not of the octave, but of the fundamental, 
gave a number which was only half the true one. I 
afterwards raised the fundamental tone itself to unison 
with the flame. On approaching unison beats were again 
heard, and the jumping of the flame proceeded with an 
energy greater than that observed in the case of the 
octave. The counter of the instrument then recorded the 
accurate rate of the flame's vibration. 

In fact, the tones first heard in the case of the syren 
are always overtones. They attain sonorous continuity 
sooner than the fundamental, flowing as smooth musical 
sounds while the fundamental tone is still in a state of 
intermittence. The instrument is, however, so delicately 
constructed that a rate of rotation is almost immediately 
attained which raises the fundamental tone above its 
fellows ; and if you seek by making your blast feeble to 
keep the speed of rotation low, it is at the expense of 
the intensity of the overtones. Hence the desirability, 
if we wish to examine the overtones, of devising some 
means by which a strong blast and slow rotation shall be 
possible. 

Helmholtz caused a spring to press lightly against the 
disc of the syren, and thus raising by slow degrees the 
speed of rotation, he was able to notice the predominance 
of the overtones at the commencement, and the final 
triumph of the fundamental tone. He did not trust to 
the direct observation of pitch, but he determined the 
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tone by the number of beats corresponding to one revo* 
lution of the handle of the upper syren* Supposing 12 
orifices to be opened above and 12 below, the motion 
of the handle through 45* produces interference and extin- 
guishes the fundamental tone. The coincidences of that 
tone occur at the end of every rotation of 90®. Hence, for 
the fundamental tone there must be four beats for every 
360®, or for every complete revolution of the handle. 
Now Helmholtz, when he made the arrangement just de- 
scribed, found that the first beats heard numbered, not 4 
but 12 for every revolution. They were, in fact, the beats 
of the second overtone whose rate of vibration is three 
times that of the fundamental. These beats continued as 
long as the number of impulses per second did not exceed 
30 or 40. Within this interval the second overtone 
was comparatively so powerful, that its beats were heard 
to the practical exclusion of the others. Between 40 and 
80, the beats fell from 12 to 8 for every revolution of the 
handle. Within this interval the first overtone, or the 
octave of the fundamental tone, was the most powerful, 
and made the beats its own. Not until the impulses ex- 
ceeded 80 per second did the beats sink to 4 per revolu- 
tion. In other words, not until the speed of rotation had 
passed this limit, was the fundamental tone able to assert 
its superiority over its companions. 

The instrument before you is now so arranged, that with 
a proper speed of rotation the fundamental tone is smooth 
and powerful. And now we will combine our tones in 
definite order, while the cultivated ears here present shall 
judge of their musical relationship. You have alread}'^ 
heard the flow of perfect unison when the two series of 12 
orifices each were opened. I now open a series of 8 holes 
in the upper, and a series of 16 in the lower syren. The 
musical ear, as already remarked, fixes the interval as an 
octave. If I open a series of 9 holes in the upper and of 
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18 holes in the lower syren, the interval is still an octave. 
This proves that the interval is not disturbed by alter- 
ing the absolute rates of vibration so long as the ratio of 
the two rates remains the same. The same truth is more 
strikingly illustrated by commencing with a low speed 
of rotation, and urging the syren to its highest pitch ; as 
long as the orifices are in the ratio of 1 : 2, we retain the 
constant interval of an octave. Again, I open a series of 
10 holes in the upper and of 15 in the lower syren. The 
ratio here is as 2 : 3, and every musician present knows 
that this is the interval of a fifth. If I open a series of 
12 holes in the upper and a series of 18 in the lower syren 
I do not change the interval. Opening two series of 9 and 
12, or of 12 and 16, we obtain an interval of a fourth ; the 
ratio in both these cases being as 3 : 4. In like manner 
these two series of 8 and 10, or these other two of 12 and 
15, give us the interval of a major third ; the ratio in this 
case being as 4 : 5. If, moreover, I open two series of 
10 and 12, or of 15 and 18, I obtain the interval of a 
minor third, this interval corresponding to the ratio 5:6. 
Now these experiments amply illustrate two things : — ► 
firstly, that a musical interval is determined not by the ab- 
solute number of vibrations of the two combining notes, but 
by the ratio of their vibratiojis. Secondly, — and here I calx 
confidently appeal to the musical ears that have listened 
to these combinations —that the smaller the two numbers 
which express the ratio of the two rates of vibration, the 
more perfect is the consonance of the two sounds. The 
most perfect consonance is the unison 1:1; next comes the 
octave 1:2; after that the fifth 2:3; then the fourth 
3:4; then the major third 4:5; and finally the minor 
third 5:6. It is also in my power to open two series 
numbering, respectively, 8 and 9 orifices: this interval 
corresponds to a tone in music. It is a dissonant com- 
jbination. I can also open two series which number 
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respectively 15 and 16 orifices; this is the interval of a 
aemv-tone : it is a very sharp and grating dissonance. 

Whence then does this arise ? Why should the smaller 
ratio express the more perfect consonance ? The attempts 
to answer this question were of two kinds — metaphysical 
and physical. The Pythagoreans found intellectual repose 
in the answer * all is number and harmony.' The numerical 
relations of the seven notes of the musical scale were also 
thought by them to express the distances of the planets 
from their central fire ; hence the choral dance of the 
worlds, the * music of the spheres,' which, according to 
his followers, Pythagoras was the only mortal privileged 
to hear. And might we not in passing contrast this 
glorious superstition with those which have taken hold of 
the human fantasy in our day ? Were the character which 
superstition assumes in different ages, an indication of 
man's advance or retr(^ession, assuredly the nineteenth 
century would have no reason to plume itself in comparison 
with the sixth b. c. A more earnest attempt to account, 
on metaphysical grounds, for the more perfect consonance 
of the smaller ratios was made by the celebrated mathema- 
tician, Euler, and his explanation, if such it could be 
called, long silenced, if it did not satisfy, inquirers. Euler 
analyses the cause of pleasure. We take delight in order ; 
it is pleasant to us to observe * means co-operant to an 
end.' But, then, the effort to discern order must not be 
so great as to weary us. If the relations to be disentangled 
are too complicated, though we may see the order we can* 
not enjoy it. The simpler the terms in which the order 
expresses itself, the greater is our delight. Hence, the 
superiority of the simpler ratios in music over the more 
complex ones. Consonance, then, according to Euler, 
was the spiritual pleasure derived from the perception 
of order without weariness of mind. 

But in this theory it was overlooked that Pythagoras 
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himself, who first experimented on these musical intervals, 
knew nothing about rates of vibration. It was forgotten 
that the vast majority of those who take delight in music, 
and who have the sharpest ears for the detection of a dis- 
sonance, are in the condition of Pythagoras, knowing 
nothing whatever about rates or ratios. And it may also 
be added that the scientific man who is fully informed 
upon these points has his pleasure in no way enhanced 
by his knowledge. Euler's explanation, therefore, does 
not satisfy the mind, and it was reserved for an eminent 
German investigator of our own day, after a most profound 
analysis of the entire question, to assign the physical cause 
of consonance and dissonance : — a cause which, when once 
clearly stated, is so simple and so satisfactory as to excite 
surprise that it remained so long without a discoverer. 

Various expressions employed in our previous lectures 
have already, in part, forestalled Helmholtz's explanation 
of consonance and dissonance. Let me here repeat an 
experiment which will, almost of itself, force this explana- 
tion upon your attention. Before you are two jets of 
burning gas, which I can convert into singing flames by en- 
closing them within two tubes. The tubes are of the same 
length, and the flames are now singing in unison. By 
means of this telescopic slider I lengthen slightly one of 
the tubes; you have now these deliberate beats which 
succeed each other so slowly that they can with ease be 
counted. I augment still farther the length of the tube. 
The beats are now more rapid than before : they can 
barely be counted. And now I would ask the musicians 
to follow me with attention while I gradually increase 
their quickness of succession. It is perfectly manifest 
that the jrattle that you now hear differs only in point 
of rapidity from the slow beats which you heard a 
moment ago. There is not the slightest breach of 
the continuity of the beats. We begin slowly, wo gra- 
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dually increase the rapidity, and now the succession is 
so rapid as to produce that particular grating effect which 
every musician that hears it would call diaaonance. I 
will now reverse the process, and pass from these quick 
beats to slow ones. I gradually shorten the tube which, a 
moment ago, was lengthened. The same continuity of the 
phenomenon is noticed. By degrees these beats separate 
from each other more and more, until finally they are slow 
enough to be counted. Thus these singing flames enable 
us to follow the beats with certainty until they cease to 
be beats, and are converted into dissonance. 

This experiment proves conclusively that dissonance 
TYW/y be produced by a rapid succession of beats ; and I 
imagine this cause of dissonance would have been discovered 
earlier had not men's minds been thrown off the proper 
track by the theory of ^ resultant tones ' enunciated by 
Thomas Young. Young imagined that, when they are quick 
enough, the beats run together to form a resultant tone* 
He imagined the linking together of beats to be precisely 
analogous to the linking together of simple musical im- 
pulses, and he was strengthened in this notion by the fact 
already adverted to, that the first difference tone, that is 
to say, the loudest residtant tone, corresponded, like the 
beats, to a rate of vibration equal to the difference of the 
rates of the two primaries. But the fact is, that the 
effect of beats upon the ear is altogether different from 
that of the successive impulses of an ordinary musical 
tone. In our last lecture I operated with a resultant tone 
produced by 33 vibrations a second. That tone was per- 
fectly smooth and musical ; whereas beats which succeed 
each other at the rate of 33 per second, are pronounced 
by the disciplined ear of Helmholtz to be in their condi- 
tion of most intolerable dissonance. Hence the resultant 
tone referred to could not be produced by the coalescence 
of beats. When the beats are slower than 33 they are 
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less disagreeable. They may even become pleasant through 
imitating the trills- of the human voice. With higher 
rates than 33 the roughness also lessens, but it is still 
discernible when the beats number 100 a second. Helm- 
holtz fixes the limit at which they totally disappear at 
132. Thus we learn that the continuity and smoothness 
of a tone, produced by ordinary sonorous waves, is perfect 
at rates of vibration far below that which corresponds to 
the disappearance of the beats. The impulses of ordinary 
sonorous waves are, in fact, gently graduated ; in the beats, 
on the contrary, the boundaries of sound and silence are 
abrupt, and they, therefore, subject the ear to that jerk- 
ing intermittence which expresses itself to consciousness as 
dissonance. 

Does this theory accord with the facts that have been 
adduced? Let us in the first place examine our four 
tuning-forks, to ascertain whether their deportment har- 
monises with this theory. And here let me remark that 
we have only to do with the fundamental tones of the 
forks. Care has been taken that their overtones should 
not come into play, and they have been sounded so feebly 
that no resultant tones mingled in any sensible degree with 
the fundamental tones. Bearing in mind, then, that the 
beats and the dissonance vanish when the difference of the 
two rates of vibration is o ; that the dissonance is at its 
maximum when the beate number 33 per second ; that it 
lessens gradually afterwards, and entirely disappears when 
the beats amount to 132 per second, — we will analyse the 
sounds of our forks ; beginning with the octave* 

Here our rates of vibration are, 

512 — 256; differences 256. 

It is plain that in this case we can have no beats, the 
difference being too high to admit of them. 

Let us now take the fifth. Here the rates of vibra- 
tion are, 
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384—256; differences 128. 

This difference is barely under the number 132 at which 
the beats vanish : consequently the roughness must be 
very slight indeed. 

Taking thefourthy the numbers are, 

384-312; difference = 72. 

Here we are clearly within the limit, where the beats 
vanish, the consequent roughness being quite sensible. 
Taking the major third, the numbers are, 
320-256; difference = 64. 

Here we are still further within the limit, and, accord- 
ingly, the roughness is more perceptible. 

Thus we see that the deportment of our four tuning- 
forks is entirely in accordance with the explanation which 
assigns the dissonance to beats. 

And here it is to be remarked that if beats are to be 
avoided in the case of the octave and of the fifth these inter- 
vals must be pure : that is to say, for every wave sent forth 
by the fundamental fork, exactly two must be sent forth 
by its octave ; while, in the case of the fifth, for every two 
waves sent forth by the one fork, exactly three must be 
sent forth by the other. If, in the case of the octave, I 
load either of the forks with a bit of wax I obtain distinct 
beats. Placing the resonant case of the fundamental fork 
near my ear, and holding the octave and its case at some 
distance, the beats are heard ; and they are heard as the 
beats of the fundamental note, the octave apparently 
making no impression whatever upon the ear. When the 
octave is pure, the relation of the two notes at any moment 
continues to be their relation throughout. If, for ex- 
ample, the condensation of one of the shorter waves fall 
upon the condensation of one of the larger, the condensa- 
tions will remain associated .as long as the ratio is exactly 
1 : 2. But if we deviate from this ratio in a small degree^ 
though, at starting, the condensations may coincide, the 
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phases come eventually into opposition, as in the cases so 
fully illustrated in our last lecture. And, as a consequence 
^f this alternate coincidence and opposition, we must have 
beats. Similar remarks apply to other intervals than the 
octave. 

We have here confined ourselves to a pair, in each case, 
of single primary tones ; but Helmholtz has shown the im- 
portant part played by the overtones and resultant tones in 
the question of musical consonance. In the tuning-forks 
that we have thus far experimented with, both these classes 
of tones have been avoided, as I wished to make my first 
example an easy one. But other sources of musical 
sounds do not yield these simple tonefe. The strings of 
a violin, for example, are rich in overtones, whose inter- 
ferences must be taken into account when judging of the 
combination of the sounds of two strings. Aod. be it 
remarked that the overtones are indispensable to the 
character of musical sounds. Pure sounds, without over- 
tones, would be like pure water, flat, and dull. The 
tones, for example, of wide stopped organ-pipes are almost 
perfectly pure; for the tendency to subdivision is here 
so feeble, that the overtones of the pipe hardly come into 
play. But the tones of such pipes, though mellow, would 
soon weary us ; they are without force or character, and 
would not satisfy the demand of the ear for brightness 
and energy. In fact, a good musical clang requires the 
presence of several of the first overtones. So much are 
these felt to be a necessity that it is usual to associate with 
the deeper pipes of the organ, shorter pipes which yield 
the harmonic tones of the deeper one. In this way, where 
the vibrating body itself is incapable of furnishing the 
overtones, they are supplied from external sources. 

Let us now examine how the action of the overtones 
agrees with the foregoing theory of consonance and dis- 
sonance. We will take, in illustration, the octave which 
includes the middle A of the piano-forte. This note 
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corresponds to 440 vibrations a second; the C below it 
corresponds to 264 ; the C above it to 528. Let us call 
the former d and the latter c", and fixing our attention 
npon the octave between c' and c'\ let us place plainly 
before ourselves both the fundamental tones and overtones 
of its various intervals, including all overtones as far as the 
ninth. First then with regard to the octave, c', c", its two 
fundamental tones and their overtones answer respectively 
to the following rates of vibration : — 
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Comparing these tones together in couples, it is impossible 
to get out of the two series a pair whose difference is less 
than 264. Hence, as the beats cease to be heard as dis- 
sonance when they reach 132, dissonance must be entirely 
absent from the combination which we have just examined. 
This octave, therefore, is an absolutely perfect consonance. 
Let us now take the interval of a fifth. We have the 
following fundamental tones and overtones : — 
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The lowest diflFerence here is 132, which corresponds to 
the vanishing point of the dissonance. The interval of a 
fifth in this octave is, therefore, all but perfectly free 
from dissonance. 

Let us now take the interval of a fourth. 
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Here we have a series of differences each equal to 88, but 
none lower. This number, though within the vanishing 
limits of the beats, is still so high as to leave the rough- 
ness of the beats very inconsiderable. Still, the interval 
is clearly inferior to the fifth. 

Again, let us take the major third. Here we have 
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There are here several differences, each equal to 66. 
The beats are nearer the maximum dissonance than in 
the last case, and the interval, therefore, is less perfect 
as a consonance than the last. 
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We will now try the minor third. Here we have 



Eundamental tone 



Overtones 
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264 
1. 628 
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3. 1056 

4. 132() 

5. 1584 

6. 1848 
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316*8 
433-6 
960-4 
1267-2 
15840 
1900-8 
2217-6 
2534-4 
2861-2 
3168-0 ■ 



Fundamental tone 



Between several pairs of these tones we have a diflference 
of 53 vibrations. This difiFerence implies a greater dis- 
turbance by beats in the case of this interval than in the 
case of the fifth, or of the fourth, or of the major third. 
Hence, the minor third is inferior as a consonance to all 
those intervals. 

Thus do we find that as the numbers expressing the 
ratio of the vibrations become larger, the disturbing in- 
fluence of the beats enters more and more into the 
interval. The result, it is manifest, entirely harmonises 
with the explanation that refers dissonance to beats. 

Helmholtz has attempted to represent this result graphi- 
cally, and from his work I copy the two adjacent diagrams. 
He assumes, as already stated, the maximum dissonance to 
correspond to 33 beats per second ; and he seeks to express 
different degrees of dissonance by lines of different lengths. 
The horizontal line c' c", fig. 152, represents the range 
of the musical scale that we have just been analysing, and 
the distance from any point of this line to the curve above 
it represents the dissonance corresponding to that point. 
The pitch here is supposed to ascend continuously, and not 
by jumps. Supposing, for example, two performers on the 
violin to start with the same note dy and that, while one 
of them continues to sound that note, the other gradually 
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and continuously shortens his string, thus gradually raising 
its pitch up to c". The eflFect upon the ear would be repre- 

FiG. 162. 




sented by the irregular curved line in fig. 152. Soon after 
the unison, which is represented by contact at c', is 
departed fr.om, the curve suddenly rises, showing the dis- 
sonance here to be the sharpest of all. At e', the curve 
approaches the straight line d c'\ and this point of the 
curve corresponds to the major third. At/ the approach 
is still nearer, and this point corresponds to the fourth. 
At ^ the curve almost touches the straight line, which in- 
dicates that at this point, which corresponds to the fifth, 
the dissonance almost vanishes. At a' we have the major 
sixth ; while at c", where the one note is an octave above 
the other, the dissonance also vanishes. The es' and the 
a a' of this diagram are the German names of a flat third 
and a flat sixth. 

When the fundamental note is c'', that is, the higher 
octave of the c' which formed our last starting-point, the 
various degrees of consonance and dissonance are those 
shown in fig. 153. Beginning with the unison c^' — cf\ and 
gradually elevating the pitch of one of our strings, till it 
reaches cf''^ the octave of (f\ the curved line represents 
the efiect upon the ear. We see, from both these curves, 
that dissonance is the general rule, and that only at certain 
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definite points do we find the dissonance vanish, or become 
so decidedly enfeebled as not to destroy the harmony. 
These points correspond to the places where the numbers ex- 

FiG. 163. 
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pressing the ratio of two rates of vibration are small whole 
numbers. It must be remembered that these curves are 
constructed on the supposition, that the beats are the cause 
of the dissonance ; and the agreement between calculation 
and experience sufficiently demonstrates the truth of the 
assumption. 

You have thus accompanied me to the verge of the Phy- 
sical portion of the science of Acoustics, and into the musical 
portion it is not my vocation to lead you. I will only add, 
that in comparing three or more sounds together, that is 
to say, in choosing them for chords^ we are guided by the 
principles just mentioned. We choose sounds which are in 
harmony with the fundamental sound and with each other 
In choosing a series of sounds for combination two by two, 
the simplicity alone of the ratios would lead us to fix on 
those expressed by the numbers 1, ^, ^, |, -f, 2; these 
being the simplest ratios that we can have within an octave. 
But when jthe notes represented by these ratios are sounded 
in succession, it is found that the intervals between 1 and 
^j and between f and 2 are wider than the others, and re- 
quire the interpolation of a note in each case. The notes 
chosen are such as form chords, not with the fundamental 
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tone, but with the note | regarded as a fundamental tone. 

The ratios of these two notes with the fundamental are ^ and 

y^. Interpolating these, we have the eight notes of the 

natural or diatonic scale expressed by the following names 

and ratios : — 

Names. C, D. E. F. G. A. B. C. 
Intervals. 1st. 2nd. 3rd. 4tli. 5th. 6th. 7th. 8th. 
Rates of vibration. 1, f, |, |, |, |, V» 2. 

Multiplying these ratios by 24 to avoid fractions, we obtain 
the following series of whole numbers, which express the 
relative rates of vibration of the notes of the di^onic scale. 
24, 27, 30, 32, 36, 40, 45, 48. 

The meaning of the terms third, fourth, fifth, &c., which 
we have already so often applied to the musical intervals, 
is now apparent; the term has reference to the position of 
the note in the scale. 



In our second lecture I referred to, and in part illus- 
trated, a method devised by M. Lissajous for studying 
musical vibrations. By means of a beam of light reflected 
from a mirror attached to a tuning-fork, the fork was 
made to write the story of its own action. In our last 
lecture the same method was employed to illustrate 
optically the phenomena of beats. I now propose to 
apply it to the study of the composition of the vibrations 
which constitute the principal intervals of the diatonic scale. 
We must, however, prepare ourselves for the thorough 
comprehension of this subject by a brief preliminary exa- 
mination of the vibrations of a common pendulum. 

Such a pendulum hangs before you. It consists of a 
wire carefully fastened to a plate of iron at the roof of 
the house, and bearing a copper ball weighing 10 lbs. I 
draw the pendulum thus aside and let it go ; it oscillates 
to and fro almost in the same plane. 

I say ' almost,' because it is practically impossible to 
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suspend a pendulum without some little departure from 
perfect symmetry around its point of attachment. In 
consequence of this, the weight deviates sooner or later 
from a straight line, and describes an oval more or less 
elongated. This circumstance presented a serious diflS- 
culty some years ago to those who wished to repeat M. 
Foucault's celebrated experiment, demonstrating the rota- 
tion of the earth. 

Nevertheless, in the case now before us, the pendulum 
is so carefully suspended, that its deviation from a straight 
line is not Stt first perceptible. Let us suppose the ampli- 
tude of its oscillation to be represented by the dotted 
line a 6, fig. 1 54. The point d, midway between a and 6, is 
the pendulum's point of rest When drawn aside from this 
point to 6, and let go, it will return 
to dy and in virtue of its momentum 

0e will pass on to a. There it comes to 
momentary rest, and returns through 
d to 6. And thus it will continue to 
oscillate until its motion is expended. 
The pendulum having first reached 
the limit of its swing at 6, let us sup- 
pose a push in a direction perpendicular 
to a h imparted to it ; that is to say, in the direction h c. 
Supposing the time required by the pendulum to swing 
from 6 to a to.be one second,* then the time required 
to swing from 6 to d will be half a second. Suppose, 
further, the force applied at h to be such as would carry 
the bob, if free to move in that direction alone, to c in half 
a second, and that the distance 6 c is equal to 6 d, the 
question then occurs where will the bob really find itself at 
the end of half a second ? It is perfectly manifest that both 

* This supposition is of course made for the sake of simplicity, the real 
period of oscillation of a pendulum 28 feet long being between two and three 
seconds. 
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forces are satisfied by the pendulum reaching the point e, 
exactly opposite the centre d, in half a second. To rea^h 
this point it can be shown that it must describe the 
circular arc 6 e, and it will pursue its way 
along the continuation of the same arc, 
to a, and then pass round to 6. Thus, 
by the rectangular impulse the oscillation 
is converted into a rotation, the pendulum 
describing a circle, as shown in fig. 155. 

If the force applied at b be sufficient to . 
urge the bob in half a second through a 
greater distance than 6 c, the pendulum 
will describe an ellipse, with the line 
a b for its smaller axis ; if, on the con** 
trary, the force applied at 6 urge the pen- 
dulum in half a second through a distance 
less than 6 c, the bob will describe an 
ellipse, with the line a 6 for its greater 
axis. 

Let us now enquire what occurs when 
the rectangular impulse is applied at the 
moment the ball is passing through its 
position of rest at d. 

Supposing the pendulum to be moving 
from a to 6, fig. 156, and that at cZ a shock 
is imparted to it sufficient of itself to 
carry it in half a second to c ; it is here manifest that the 
resultant motion will be along the straight line dg lying 
between d 6 and d c. The pendulum will return along 
this line to d, and pass on to A. In this case, therefore, 
the pendulum will describe a straight line, g A, oblique to 
its original direction of oscillation. 

Supposing the direction of motion at the moment tfie 
push is applied to be from 6 to a, instead of from a to 6, 
it is manifest that the resultant here will also be a straight 
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line oblique to the primitive direction of oscillation, but 
its obliquity will be that shown in fig. 157. 

When the impulse is imparted to the pendulum nei- 
ther at the centre nor at the limit of its swing, but at 



Fig. 156. 



Fig. 167. 





some point between both, we obtain neither a circle nor a 
straight line, but something between both. We have, in 
fact, a more or less elongated ellipse with its axis oblique to 
a 6, the original direction of vibration. If, for example, the 
impulse be imparted at d\ fig. 158, while the pendulum is 
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Fig. 159. 
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moving toivarda 6, the position of the ellipse will be that 
shown in fig. 158 ; but if the push at df be given when 
the motion is towards a, then the position of the ellipse 
will be that represented in fig. 159. 

In the case of the rod employed in our fourth lecture 
to illustrate Mr. Wheatstone's Kaleidophone, we had a 
combination of vibrations similar to that here exhibited 
by the pendulum, and to this combination were due the 



PENDULUMS AND TUNING-FORKS. 



311 



figures of the circle, the ellipse, and the straight line 
obtained when the rod was caused to oscillate. By the 
method of M. Lissajous we can combine the rectangular 
vibrations of two tuning-forks, — a subject which I now 
wish to illustrate before you. In front of this electric 
lamp, L, fig. 160, is placed a large tuning-fork, t', provided 
with a mirror, on which a narrow beam of light, l t', is 
permitted to fall. The beam is thrown back, by reflection, 
upon the audience. The tuning-fork, t', you observe, is 

Fig. 160. 
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fixed in its stand (only partially shown in the figure) in a 
horizontal position, and will, therefore, when it vibrates, tilt 
the beam to and fro laterally. In the path of the reflected 
beam I place a second tuning-fork, t, also furnished with a 
mirror. The second fork, however, is upright, and when 
it vibrates it tilts, as you know, the luminous beam up and 
down. At the present moment both forks are motionless, 
the beam of light is reflected from the mirror of the hori- 
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zontal to that of the vertical fork, and from the latter it 
is thrown back upon the screen, on which it prints a 
brilliant disc. I now agitate the upright fork, leaving: 
the other motionless^ The disc is drawn out into this fine 
luminous band, 3 feet long. I now sound the second fork, 
and the straight band is instantly transformed into this 
splendid ring, o p, fig. 160, 36 inches in diameter. What 
have we done here ? Exactly what we did in our first ex- 
periment with the pendulum. We have caused a beam of 
light to vibrate simultaneously in two directions, and have 
accidentally hit upon the combination when one fork has 
just reached the limit of its swing, and come momentarily 
to rest, while the other is passing with its maximum velocity 
through its position of equilibrium. 

That the circle was obtained is, as I have said, a mere 
accident ; but it was a fortunate accident, as it enables us 
to see the exact similarity between the motion of the beam 
and the motion of the pendulum. I stop both forks and 
agitate them afresh. You have now an ellipse before 
you with its axis oblique. After a few trials we obtain the 
straight line, indicating that both the forks then pass simul- 
taneously through their positions of equilibrium. In this 
way, by combining the vibrations of the two forks, we pro- 
duce all the figures which we obtained with the pendulum. 

When the vibrations of the two forks are, in all respects, 
absolutely alike, whatever the figure may be which is first 
traced upon the screen, it remains unchanged in form, di- 
minishing only in size as the motion is expended. But the 
slightest difference in the rates of vibration destroys this 
fixity of the image. I endeavoured before the lecture to 
render the unison between these two forks as perfect as 
possible, and hence you have observed very little alteration 
in the shape of the figure. But by moving a little weight 
along the prong of either fork, or by attaching to either of 
them a bit of wax, I impair the unison, and now you have 
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the figure slowly passing from a straight line into an 
oblique ellipse, thence into a circle; after which it narrows 
again to an ellipse with an opposed obliquity, then passes 
into a straight line, the direction of which is at right 
angles to the first direction : finally it passes, in the re- 
verse order, through the same series of figures to the 
straight line with which we commenced. The interval 
between two successive identical figures is the time in 
which one of the forks succeeds in beating the other by 
one complete vibration. Loading the fork still more 
heavily, we have more rapid changes ; the straight line, 
ellipse, and circle being passed through in quick succes- 
sion. At times the luminous curve exhibits an apparent 
stereoscopic depth which renders it difficult to believe that 
we are not looking at a solid ring of white-hot metal. 
By causing the mirror of the fork, t, to rotate through 
Fig. 161. 




a small arc, I draw the steady circle out into this splendid 
luminous scroll which stretches right across the screen, 
fig. 161. The same experiment made with the changing 
figure gives us a scroll of irregular amplitude, fig. 162.* 



Fig. 162. 




We have next to combine the vibrations of two forks, 
one of which oscillates with twice the rapidity of the 
other, that is, to determine the figure corresponding to 
the combination of a note and its octave. To prepare 

* This fi^re corresponds to the interval 15: 16. For it and some other 
figures, I am indebted to that excellent mechanician, M. Konig of Paris. 
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ourselves for the mechanics of the problem, we must resort 
once more to our pendulum ; for it also can be caused to 
oscillate in one direction twice as rapidly as in another. 
By a complicated mechanical arrangement this might be 
done in a very perfect manner, but at present I prefer 
simplicity to completeness. I have therefore permitted 
the wire of our pendulum to descend 
from its point of suspension. A, fig. 
163, midway between two horizon- 
tal glass rods, a 6, a' 6', supported 
firmly at their ends, and about an 
inch asunder. The rods cross the 
wire at a height of 7 feet above the 
bob of the pendulum. The whole 
length of the pendulumbeing 28 feet, 
the glass rods intercept one-fourth of 
this length. I draw the pendulum 
aside in the direction of the rods, 
a 6, a' 6', and let it go. It oscil- 
lates freely between them, its whole, 
length swinging to and fro. I bring 
it to rest and draw it aside in a 
direction perpendiculpr to the last; 
a length of 7 feet only can now os- 
cillate, and by the laws of oscilla- 
tion a pendulum 7 feet long vibrates 
with twice the rapidity of a pendulum 
28 feet long. In order to show you 
the figure described by the combination of these two rates 
of vibration, I have attached to the copper ball, p, a 
camel's hair pencil, fig. 163, which rubs lightly upon a glass 
plate placed on black paper. Over the plate I strew white 
sand, and allowing the pendulum to oscillate as a whole, the 
sand is rubbed away along a straight line which represents 
the amplitude of the vibration. Let a 6, fig. 164, represent 




i 




OPTICAL ILLUSTKATION OF INTERVALS. 31^ 

this line, which, as before, we assume to be described in one 
second. When the pendulum is at the 
limit, 6, of its swing, let a rectangular 
impulse be imparted to it sufficient 
to carry it to c in one-fourth of a^f 
second. If this were the only impulse 
acting on the pendulum, the bob would 
reach c and return to b in half a second. But under the 
actual circumstances it is also urged towards dy which 
point, through the vibration of the whole pendulum, it 
ought also to reach in half a second. Both vibrations, 
therefore, require that the bob shall reach d at the same 
moment, and to do this, it will have to describe the curve 
d c' 6. Again, in the time required by the long pen- 
dulum to pass from dto a, the short pendulum will pass 
to and fro over the half of its excursion ; both vibrations 
must therefore reach a at the same moment, and to ac- 
complish this the pendulum describes the lower curve 
between d and a. It is manifest that these two curves 
will repeat themselves at the opposite sides of a &, the 
combination of both vibrations producing finally this figure 
of 8, which you now see fairly drawn upon the sand 
before you. 

The same figure is obtained if the rectangular impulse 
be imparted when the pendulum is passing its position of 
rest, d. I have here supposed the time occupied by the 
pendulum in describing the line a b ^ 
to be one second. Let us suppose three- 
fourths of the second exhausted, and 
the pendulum at d\ fig. 165, in its ex- 
cursion towards 6 ; let the rectangular 
impulse then be imparted to it, suffi- 
cient to carry it to c in one-fourth of 
a second. Now the long pendulum requires that it should 
naove from ci' to 6 in one-fourth of a second ; both impulses 
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are therefore satisfied by the pendulum taking up the 
position c' at the end of a quarter of a second. To reach 
this position it must describe the curv^e df c\ It will 
manifestly return along the same curve, and at the end 
of another quarter of a second find itself again at d\ 
From d/ to d the long pendulum requires a quarter of 
a second. But at the end of this time the short pendulum 
must be at the lower limit of its swing: both require- 
ments are satisfied by the pendulum being at e. We 
thus obtain one arm, c' e, of a curve which repeats itself 
to the left of «, sp that the entire curve due to the 
combination of the two vibrations is that represented in 
fig. 165. This figure is called by geometers a parabola, 
whereas the figure of 8 before obtained is called a lem- 
niscata. 

We have here supposed that at the moment when 
the rectangular impulse was applied the motion of the 
pendulum was towards hi if it were 
towards a, we should obtain the para- 
bola inverted as shown in fig. 166. 
Supposing, finally, the impulse to be 
"' applied, not when the pendulum is 
passing through its position of equi- 
librium, not when it is passing a point 
corresponding to three-fourths or one-fourth of the time 
of its excursion, but at some other point in the line, a 6, 
between its end and centre. Under these circumstances we 
should have neither the parabola, nor the perfectly sym- 
metrical figure of 8, but a distorted 8, which would assume 
positions depending on the direction of the motion at the 
moment when the rectangular impulse is imparted. 

And now we are prepared to witness with profit the 
combined vibrations of our two tuning-forks, one of which 
sounds the octave of the other. Permitting the vertical fork, 
T, fig. 160, to remain undisturbed in front of the lamp, I 
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oppose to it a horizontal fork, which vibrates with twice 
the rapidity. The first passage of the bow across the two 
forks reveals to you the exact similarity of this combina- 
tion, and that of our pendulum. A very perfect figure of 
8 is now described upon the screen. Before the lecture I 
fixed the vibrations of these two forks as nearly as possible 
to the ratio of 1 : 2, and the steadiness of the figure upon 
the screen indicates l:he perfection of the tuning. I 
stop both forks, and again agitate them. Now you have 
the distorted 8 upon the screen. Again I stop the forks, 
and after a few trials bring out the parabola. In all 
these cases the figure remains fixed upon the screen ; but 
I now attach a morsel of wax to one of the forks. The 
figure is steady no longer, but passes from the perfect 8 
into the distorted one, thence into the parabola, from 
which it afterwards opens out to an 8 once more. By 
augmenting the discord, we can render those changes as 
rapid as we please. 

When the 8 is steady on the screen a rotation of the 
mirror of the fork, t, produces on the screen the scroll 
shown in fig. 167. 

Fio. 167. 




I will now conibine two forks vibrating in the ratio of 
2 : 3. Observe in the first instance the admirable steadi- 
ness of the figure produced by the compounding of these 
two rates of vibration. I now attach with wax to one of 
the forks a fourpenny piece, the steadiness ceases, and 
we have this apparent rocking to and fro of the luminous 
figure. Passing on to intervals of 3 : 4, 4 : 5, and 5 : 6, 
the figures become more intricate as we proceed. The 
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last combination, 5 : 6, is so entangled, that to see 
the figure plainly a very narrow band of light must be 
employed. The great distance between the forks and 
the screen also helps us to unravel the complication. 
And here it is worth noting that when the figure is fully 
developed the loops along the vertical and horizontal edges 
express the ratio of the combined vibrations. In the oc- 
tave, for example, we have two loops in one direction and 
one in another ; in the fifth two loops in one direction, and 
three in another. When the combination is as I : 3 the 
luminous loops are also as I : 3. The changes which some 
of these figures undergo when the tuning is not perfect, or 
when one fork is purposely loaded, are extremely remarkable. 
In this last case of 1 : 3, for example, it is diflScult at times 
not to believe that you are looking at a solid link of white- 
hot metal. The figure exhibits a depth apparently incom- 
patible with its being traced upon a plane surface. 

Before you, fig. 169, is suspended a diagram of these 
beautiful figures, including combinations from 1 : 1 to 5 : 6. 
In each case the characteristic phases of the vibration are 
shown, through all of which each figure passes when the 
interval between the two forks is not pure. I also add 
here, fig 168, two appearances of the combination 8 : 9. 

Fio. 168. 





All these figures may be obtained from the vibrations 
of the selfsame body. I have here a rod which, instead of 
being round, is rectangular, being so shaped as to vibrate 
in one direction twice a« quickly as in the other. It is 
furnished with a silvered bead which can be illuminated, 
and the image of which can be thrown upon our screen. 



LISSAJOUS FIGURES. 
Fig. 169. 
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The rod is now fixed in a vice; a lens is in front of it, 
and you see the spot of light upon -the screen. I draw 
the rod aside and suddenly liberate it; you observe the 
figures it describes. Were the rates of vibration in both 
directions accurately in the ratio of 1 : 2, the figure 
would remain perfectly fixed; but, inasmuch as this re-^ 
lation is only approximately secured, you see the figure 
first as a distorted 8, then as a perfect 8, then again as 
an 8 distorted in a different direction from its first, 
and now for a moment you see it a perfect parabola. 
Here we have precisely the same succession of figures as 
were obtained with our two tuning-forks vibrating in 
the ratio of 1 : 2, and thrown slightly out of tune. All 
the other figures produced by the combination of two 
tuning-forks may also be obtained from the vibrations 
of single rods, so formed that they shall oscillate with 
different rapidities in two rectangular directions. 

Mr. Wheatstone has perfected his Kaleidophone by the 
introduction of rods capable of illustrating the combina- 
tions of all these musical intervals. He has also devised 
various other extremely ingenious methods for the com- 
pounding of vibrations. 



Our labours are now drawing to a close, but before they » 
terminate, and to make them terminate properly, I would 
ask you to call to mind the experiments of our third 
lecture, by which the division of a string into its harmonic 
segments was illustrated. This was done, if you remember, 
by means of little paper riders placed across the string, 
which were unhorsed, or not, according as they occupied a 
ventral segment or a node. I now wish to illustrate, further 
than I have hitherto done, a point of some importance, by 
another and similar experiment of Sauveur. Before you is 
the sonometer, which was described in our third lecture. 
Along it, instead of one, I have stretched two strings. 
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about three inches asunder. By means of a key I alter 
the tension of the strings, continually sounding both of 
them until they are brought into perfect unison. And 
now I place a little paper rider upon the middle of one 
of them, and agitate the other. What occurs ? The 
vibrations of the sounding string are communicated to the 
bridges on which it rests, and through the bridges to the 
other string. The individual impulses are very feeble, 
but, because the two strings are in unison, the impulses 
can so accumulate as finally to toss the rider off the 
untouched string. 

Every experiment with the riders and a single string 
executed in our third lecture, may be repeated with there 
two unisonant strings. Let us, for example, damp one of 
the strings at a point one fourth of its length from one of 
its ends ; and let us place the red and blue riders formerly 
employed, not on the nodes and ventral segments of the 
damped string, but at points upon the other exactly oppo- 
site to those nodes and ventral segments. When the bow is 
passed across the shorter segment of the damped string, 
the five red riders on the adjacent string are unhorsed, 
while the four blue ones remain tranquilly in their places. 
By relaxing one of the strings, I throw it out of unison 
with the other. All my efforts to unhorse the riders are 
now unavailing. That accumulation of impulses which 
unison alone renders possible cannot here take place, and 
the consequence is, that however great the agitation of the 
one string may be, it fails to produce any sensible effect 
upon the other. 

The influence of synclironism may be illustrated in a 
still more striking manner by means of two tuning-forks 
which sound the same note. I place two such forks 
mounted on their resonant supports upon the table, 18 
inches asunder, and draw the bow vigorously across one 
of them. The other fork has remained untouched I 

T 
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now stop the agitated fork; the sound is enfeebled but 
by no means quenched. Through the air and through, 
the wood the vibrations have been conveyed from fork to 
fork, and the untouched fork is the one which you now 
hear. I attach a morsel of wax to one of the forks, and 
sound it again ; its power of influencing the other is gone ; 
the change in the rate of vibration, small as it is, has 
destroyed the sympathy between the two forks, and no 
response is now possible. I remove the wax, and the un- 
touched fork responds as before. This communication of 
vibrations through the wood and air may be obtained 
when the forks, mounted on their cases, stand several feet 
apart. But the vibrations may also be communicated 
through the air alone. I stop one of the forks, and cause 
the other to vibrate vigorously. Holding the case of the 
vibrating fork in my hand, I bring one of its prongs near 
the unvibrating one, placing the prongs back to back, but 
allowing a space of air to exist between them. Light as is 
the vehicle, the accumulation of impulses secured by the 
perfect unison of the two forks enables the one to set the 
other in vibration. I suddenly extinguish the sound of 
the agitated fork, but the fork which a moment ago was 
silent, continues sounding, having taken up the vibrations 
of its neighbour. 

Removing one of the forks from its resonant case, I 
strike it against a pad, and throw it into strong vibration. 
Held thus free in the air, its sound is inaudible. But I 
now bring it close to the silent mounted fork. Out of 
the silence rises this full mellow sound, which is due, 
not to the fork originally agitated, but to its sympathetic 
neighbour. 

Various other examples of the influence of synchronism 
which have been brought forward in these lectures, will 
occur to you here ; and cases of the kind might be readily 
multiplied. If two clocks, for example, with pendulums 
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of the same period of vibration, be placed against the same 
wall, and if one of the clocks be set going and the other 
not, the ticks of the moving clock, transmitted through the 
wall, will start its neighbour. The pendulum, moved by a 
single tick, swings through an extremely minute arc, but it 
returns to the limit of its swing just in time to receive 
another impulse. By the continuance of this process, the 
impulses so add themselves together as finally to set the 
clock a-going. It is by this timing of impulses that a pro- 
perly pitched voice can cause a glass to ring, and that the 
sound of an organ can break a particular window-pane. 

I dwell upon this subject here for the purpose of ren- 
dering the manner in which sonorous motion is communi- 
cated to the auditory nerve more intelligible to you 
That nerve is in all probability set in motion by bodies 
associated with it, which are capable of entering into sym- 
pathetic vibration with the different .waves of sound. In 
the organ of hearing in man we have first of all the exter- 
nal orifice of the ear, which is closed at the bottom by 
the circular tympanic membrane. Behind that membrane 
is the cavity called the drum of the ear, this cavity being 
separated from the space between it and the brain by a 
bony partition, in which there are two orifices, the one 
round and the other oval. These orifices are also closed 
by fine membranes. Across the cavity of the drum 
stretches a series of four little bones : the first, called the 
hammer^ is attached to the tympanic membrane; the 
second, called the anvils is connected by a joint with the 
hammer ; a third little round bone connects the anvil with 
the stirrup bone^ which has its oval base planted against 
the membrane of the oval orifice above referred to. The 
base of the stirrup bone abuts against this membrane, 
almost covering it, and leaving but a narrow rim of the 
membrane surrounding the bone. Behind the bony par- 
tition, and between it and the brain, we have the extras 
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ordinary organ called the labyrinth, which is filled with 
water, and over the lining membrane of which the terminal 
fibres of the auditory nerve are distributed. When the 
tympanic membrane receives a shock, that shock is trans- 
mitted through the series of bones above referred to, and 
is concentrated on the membrane against which the base 
of the stirrup bone is planted. That membrane transfers 
the shock to the water of the labyrinth, which, in its turn, 
transfers it to the nerves. 

The transmission, however, is not direct. At a certain 
place within the labyrinth exceedingly fine elastic bristles, 
terminating in sharp points, grow up between the terminal 
nerve fibres. These bristles, discovered by Max Schultze, 
are eminently calculated to sympathise with those vibra- 
tions of the water which correspond to their proper periods. 
Thrown thus into vibration, the bristles stir the nerve fibres 
which lie between their roots, and excite audition. At 
another place in the labyrinth we have little crystalline 
particles called otolithes — the Horsteine of the Germans — 
embedded among the nervous filaments, and which, when 
they vibrate, exert an intermittent pressure upon the ad- 
jacent nerve fibres, thus exciting audition. The otolithes 
probably subserve a difierent purpose from that fulfilled 
by the bristles of Schultze. They are fitted, by their 
weight, to accept and prolong the vibrations of evanescent 
sounds, which might otherwise escape attention. The 
bristles of Schultze, on the contrary, because of their 
extreme lightness, would instantly yield up an evanescent 
motion, while they are eminently fitted for the transmission 
of continuous vibrations. Finally, there is in the laby- 
rinth a wonderful organ, discovered by the Marchese Corti, 
which is to all appearance a musical instrument, with its 
chords so stretched as to accept vibrations of different 
periods, and transmit them to the nerve filaments which 
traverse the organ. Within the ears of men, and without 
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their knowledge or contrivance, this lute of 3,000 strings* 
has existed for ages, accepting the music of the outer world, 
and rendering it fit for reception by the brain. Each 
musical tremor which falls upon this organ selects from its 
tensioned fibres the one appropriate to its own pitch, and 
throws that fibre into unisonant vibration. And thus, no 
matter how complicated the motion of the external air 
may be, those microscopic strings can analyse it and re- 
veal the constituents of which it is composed. In these 
concluding remarks I have endeavoured to place before 
you, in a few words, the views now entertained by the most 
eminent authorities regarding the transmission of sonor- 
ous motion to the auditory nerve. I do not ask you to 
consider these views as established, but only as probable. 
They present the phenomena in a connected and intel- 
ligible form, and should they be doomed to displace- 
ment by a more correct or comprehensive theory, it will 
assuredly be found that the wonder is not diminished by 
the substitution of the truth. 

* According to KoUiker, this is the number of fibres in Corti's organ. 
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Echoes, 17 

— instances of, 17, 20 

Elm wood, velocity of sound trans- 
mitted through, 41 

Eolian harp, formation of the, 123 

Erith, effects of the explosion of 
1864 on the village and church 

' of, 23 



HAB 

Ether, velocity of sound transmitted 
through sulphuric, 38 

Eustachian tube, the, 74 

— mode of equalising the air on 
each side of the tympanic mem- 
brane, 74, 85 



FALSETTO voice, causes of the, 
197 
Faraday, Mr., his experiment on 

sonorous ripples, 155 
Fiddle, formation of the, 89 

— sound-board of the, 89 

— the iron fiddle, 132, 156 

— the straw-fiddle, 137, 157 

Fir wood, velocity of sound trans-i 

mitted through, 41 
Flames, sounding, 217, 252 

— rhythmic character of friction, 
217, 252 

— influence of the tube surrounding 
the flame, 219, 252 

— singing flames, 221, 252 
analysis of, 223 

— harmonic notes of flames, 234 

— effect of uni sonant notes on sing- 
ing flames, 229 

— action of sound on naked flames,' 
230, 253 

— experiments with fish-tail and 
bat's-wing burners, 232, 253 

— experiments on tall flames, 
236 

— shortening and lengthening of 
flames, 237 

— influence of pitch, 239 

— extraordinary delicacy of flames 
as acoustic reagents, 239 

— the vowel flame, 241 

— action of beats on flame, 264 
Flute, tones of the, 195 
Friction, rhythmic character of, 217 



GOLD, velocity of sound trans- 
mitted through, 39 
Gyroscope, musical sounds produced 
by the, 52 



HARMONIC tones of stjings, 115, 
116 
Harmony, 286 
— notions of the Pythagorean?, 286 
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HAB 
Harmony — continued. 

— Euler's theory, 287, 296 

— conditions of harmony, 289 

— influence of overtones on har- 
mony, 301 

— graphic representations of con- 
sonance and dissonance, 305 

Harmonica, the glass, 137 

Hawksbee, his experiment on sound- 
ing bodies placed in vacuOj 6 

Hearing, mechanism of, 323 

Heat, thermal changes in the air 
produced by the sonorous wave, 28 

— ratio of specific heats at constant 
pressure and at constant volume 
deduced from velocities of sound, 
31 

— mechanical equivalent of heat 
deduced from this ratio, 33 

— inference that atmospheric air 
possesses no sensible power to 
radiate heat, 34 

— musical sounds produced by 
heat«d bars, 53 

— conversion of sonorous motion 
into heat, 177 

Helmholtz, his theory of resultant 

tones, 281-283 

consonance, 292, 298 

Herschel, Sir John, his article on 

* Sound,' quoted, 20 
Hooke, Dr. Robert, his anticipation 

of the stethoscope, 42 

— his production of musical sounds 
by the teeth of a rotating wheel, 51 

Hydrogen, action of, upon the voice, 9 

— velocity of sound in, 25, 37 



TNFLECTION of sound, 22 
X — case of theErith explosion, 23 
Interference and coincidence of 
sonorous waves, 259, 284 

— extinction of sound by sound, 
261, 284 

— theory of beatjs, 263, 284 
Intervals, optical illustration of, 313 
Iron, velocity of sound transmitted 

through, and through iron wire, 39 

— difference between the velocity of 
iron and air, 40 



JOULE'S equivalent, 35 
Jungfrau, echoes of the, 17 



MUS 



KALEIDOPHONE, Wheatstone's 
formation of, 132, 156 
Kundt, M., his experiments, 202 



LAPLACE, his correction of New- 
ton's formula for the velocity 

of sound, 28 
Lead, velocity of sound transmitted 

through, 39 
Leconte, Professor, his observation 

upon sensitive naked flames, 230 
Lenses, refraction of sound by, 20 
Light, analogy between sound and, 

13, 20 

— causes of Newton's rejection of 
the imdulatory theory of, 22 

Liquids, velocity of sound in, 37 

— transmission of musical sounds 
through, 79 

— action of sound on liquid veins, 
247 

— delicacy of liquid veins, 250 
Lissajous, M., his method of giving 

optical expression to the vibrations 
of a tuning-fork, 60 
Lupo, Lago del, echoes on the banks 
of the, 20 



MAPLE wood, velocity of sound 
transmitted through, 41 
Mayer, his formula of the equivalent 

of heat, 34 
Melde, M., his experiments with 
vibrating strings, 105 

— and with sonorous ripples, 154 
Metals, velocity of sound trans- 
mitted through, 39 

— determination of velocity in, 170 
Molecular structure, influence of, on 

the velocity of sound, 40 
Monochord, sonometer, the, 86 
Motion, conveyed to the brain by 

the nerves, 1 

— sonorous motion. See Sound 
Mouth, resonance of the, 197 
Music, physical difference between 

noise and, 48, 83 

— a musical tone produced by pe- 
riodic, noise by unperiodic, im- 
pulses, 49, 83 

— production of musical sounds by 
tops, 51, 83 

by pufl& of air, 65, 83 
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MUS 
Music, pitch and intensity of musical 
sounds, 57, 83 

— description of the syren, 63 

— definition of an octave, 71 

— description of the double syren, 
76 

— transmission of musical sounds 
through liquids and stones, 79 

— musical chords, 306 

— the diatonic scale, 307 

— See also HARMOirr 

Musical box, formation of the, 132, 
156 



VTERVES of the human body, 
ii origin and seat of the, 1 

— motion conveyed by the, to the 
brain, 1 

— rapidity of impressions conveyed 
by the, 2 note 

Newton, Sir Isaac, facts which led 
to his rejection of the undulatory 
theory of light, 22 

— his calculation of the velocity of 
sound, 27 

Nitrogen, protoxide of, velocity of 

sound in, 37 
Nodes, 97, 98 

— the nodes not points of absolute 
rest, 99 

— nodes of a tuning-fork, 137-139 

— rendered visible, 139-141 

— a node the organ of vibration, 
209 

Noise, physical difference between 
music and, 48 



OAK wood, velocity of sound 
transmitted through, 41 
Ochsenthal, echoes of the, 17 
Octave, definition of an, 71 
Olefiant gas, velocity of sound in, 

37 
Organ-pipes, 178, 213 

— vibrations of stopped pipes, 180, 
213 

the Pandaean pipes, 182 

open pipes, 182, 214 

— state of the air in sounding pipes, 
185, 214 

— reeds and reed-pipes, 192 
Otolithes of the ear, 324 
Overtones, definition of, 117 



RIP 
Overtones, relation of the point 
plucked to the, 1 19 

— overtones corresponding to the 
vibrations of a rod fixed at both 
ends, 128 

of a tuning-fork, 137-139 

• rendered visible, 139-141 

of rods vibrating longitudi- 
nally, 166 
of the syren, 293 

— infiuence of overtones on harmony, 
301 

Oxygen, velocity of sound in, 37 



PANDJEAN pipes, the, 182 
Piano wires, clang of, 121 

— curves described by vibrating, 
123 

Pine wood, velocity of sound trans- 
mitted through, 41 
Pipes. See Osgan-pifbs 
Pitch of musical sounds, 57 

— illustration of the dependence of 
pitch on rapidity of vibration, 67 

— relation of velocity to pitch, 171 

— velocity deduced trom pitch, 190 

— influences of pitch on flames, 239 
Platinum, velocity of sound trans- 
mitted through, 39 

Poplar wood, velocity of sound trans- 
mitted through, 41 

Pythagoreans, notions of the, regard- 
ing musical consonance, 288 



REEDS and reed-pipes, 192 
— the clarionet and flute, 195 
Eeflection of sound, 13 
Refraction of sound, 20 
Resonance, 172 

— of the air, 173 

— of coal-gas, 175 

— of the mouth, 199 
Resultant tones, discovery of, 276 

— conditions of their production, 
276 

— experimental illustrations, 278 

— theories of Young and Helmholtz, 
281-283 

Reuss, thunder-like sound produced 

by the falls of the, 211 
Ripples, sonorous, in water, 153 

— and in lighter volatile liquids, 
154, 158 
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RIP 

Hippies, Faraday and Melde's experi- 
ments, 144, 155, 158 

Bobison, Professor, his production of 
musical sounds by puffs of air, 55 

Eod, Tibrations of a, fixed at both 
ends : its subdivisions and corre- 
sponding overtones, 128, 167 

— vibrations of a rod fixed at one 
end, 129, 167 

of rods free at both ends, 135, 

157 



SALT, velocity of sound trans- 
mitted through a solution of 

common, 38 
Schultze's bristles in the mechanism 

of hearing, 324 
Sea water, velocity of sound in, 38 
Sensation transmitted by the human 

nerves to the brain, 1 
Silver, velocity of soimd transmitted 

through, 39 
Smoke-jets, action of musical sounds 

on, 244 
Snow, transmission of sound through 

falling, 19 
Soda, velocity of sound transmitted 

through a solution of sulphate of, 

38 

— through a solution of carbonate 
of, 38 

— and through a solution of nitrate 
of, 38 

Solids, velocity of sound transmitted 
through, 37, 39 

— musical sounds transmitted 
through, 80 

— determination of velocity in, 170 
Sonometer, or monochord, tbe, 86 
Sorge, his discovery of resultant 

tones, 276 
Sound, production and propagation 
of, 2, 44 

— experiments on sounding bodies 
placed in vacuo, 6, 44 

— action of hydrogen upon the 
voice, 9 

— propagation of sound through air 
of varj'ing density, 9 

— amplitude of the vibration of a 
sound-wave, 11, 44 

— the action of sound compared 
with that of light and radiant 
heat, 13 



SOU 
Sound — continued. 

— reflection of, 13, 44 

— echoes, 17, 20, 44 

— sounds reflected from the clouds, 
18 

— transmission of sound through 
falling snow, 19 

— refraction of sound, 20, 44 

— inflection of sound, 22, 44 

— influence of temperature on velo- 
city of sound, 24, 45 

— influence of density and elasticity 
on velocity, 25, 45 

— determination of velocity, 26, 45 

— Newton's calculation, 27, 46 

— Laplace's correction of Newton's 
formula, 28, 46 

— thermal changes produced by the 
sonorous wave, 28, 46 

— velocity of sound in different 
gases, 37, 47 

in liquids and solids, 

37-40, 47 

— influence of molecular structure 
on the velocity of sound, 40, 47 

— velocity of sound transmitted 
through wood, 41, 47 

— physical distinction between noise 
and music, 48 

— musical sounds periodic, noise 
imperiodic, impulses, 49 

produced by taps, 51 

' by puffs of air, 65 

— pitch and intensity of musical 
sounds, 57 

— vibrations of a tuning-fork, 58 

— graphic representations of the 
vibrations on a piece of smoked 
glass, 59 

— M. Lissajous' method of giving 
optical expression to the vibrations 
of a timing-fork, 60 

— description of the syren, and de- 
finition of the wave-length. 63 

— determination of the rapidity of 
vibration, 68 

— and of the length of the corre- 
sponding sonorous wave, 69 

— various definitions of vibration 
and of sound wave, 69 

— limits of range of hearing of the 
ear: highest and deepest tones, 71 

— double syren, 76 

— transmission of musical sounds 
through liquids and solids, 78-82 
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Sound — continued. 

— the sonometer, op monochord, 
86 

— vibrations of strings, 86 * 

— influence of sound-boards, 89 

— laws of vibrating strings, 90 

— direct and reflected pulses, 93 

— stationary and progressive waves, 
95 

— nodes and ventral segments,96,97 

— application of the results to the 
vibration of musical strings, 102 

— M. Melde's experiments, 106 

— longitudinal and transverse im- 
pulses, 107 

— laws of vibration thus demon- 
strated, 111, 125 

— harmonic tones of strings, 1 15, 
116, 126 

— definitions of timbre, or quality, 
of overtones and clang, 117, 127 

— relation of the point of string 
plucked to overtones, 119 

— vibrations of a rod fixed at both 
ends: its subdivisions and cor- 
responding overtones, 128 

of a rod fixed at one end, 129 

— Chladni's tonometer, 131 

— Wheatstone's Kaleidophone, 152, 
156 

— vibrations of rods free at both 
ends, 135, 157 

— nodes and overtones of a tuning- 
fork, 137-139, 157 

rendered visible, 139- 

141, 157 

— vibrations of squared plates, 144, 
157 

— of discs and bells, 147, 150, 158 

— sonorous ripples in water, 153, 
158 

— Faraday's and Melde's experi- 
ments on sonorous ripples, 154, 
155, 158 

— longitudinal vibrations of a wire, 
159 

— relative velocities of sound in 
brass and iron, 162 

— examination of vibrating bars by 
polarised light, 168 

— determination of velocity in 
solids, 170 

— relation of velocity to pitch, 171 

— resonance, 172, 211, 214 
of the air, 173, 214 



SOU 



Sound— continued. 

— resonance of coal-gas, 175, 214 

— conversion of sonorous motion 
into heat, 177 

— organ-pipes, 178, 214 

stopped pipes, 180, 214 

open pipes, 182, 214 

— reeds and reed-pipes, 192, 215 
the clarionet and flute, 195 

— description of the organ of voice, 
195, 215 

the roughness in colds and 

the squeaking falsetto, 197 

the vowel-sounds, 197, 215 

synthesis of vowel-sounds, 200 

— Kundt's experiments on sound- 
figures within tubes, 202, 216 

— new methods of determining ve- 
locity of sound, 204-210, 216 

— sounding of flames, 217, 252 
analysis of, 223 

harmonic notes of flames, 243 

effect of unisonant notes on 

singing flames, 229, 253 
sound on naked flames, 

230, 253 
pitch on flames, 239, 

253 
delicacy of flames as acoustic 

reagents, 239 
the vowel flame, 241 

— action of musical sounds on un- 
ignited jets of gas, 243 

on jets of water, 246 

— law of vibratory motions in 
water and air, 256, 284 

— superposition of vibrations, 258 

— interference and coincidence of 
sonorous waves, 259, 284 

— extinction of soimd by sound, 
261, 284 

— theory of beats, 263, 284 

— action of beats in flame, 264,286 

— optical illustration of beats, 266, 
285 

— various illustrations of beats, 274 

— resultant tones, 276, 285 

— conditions of their produc- 
tion, 276 

experimental illustrations, 

278 

theories of Young and 

Hehnholtz, 281-283 

difference tones and summa- 
tion tones, 281, 282 
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Sound — con tinned. 

— combination of musical sounds, 
286 

— the smaller the two numbers 
which express the ratio of their 
rates of vibration, the more per- 
fect is the harmony of two sounds, 
288 

— notions of the Pythagoreans re- 
garding musical consonance, 288 

— Euler's theory of consonance, 
289, 296 

— physical analysis of the question, 
289 

-^ — the double syren, 289-291 

— theory of Hehnholtz, 292, 298 

— causes of dissonance, 298-301 

— influence of overtones on har- 
mony, 301 

— graphic representations of con- 
sonance and dissonance, 305 

— musical chords, 306 

— the diatonic scale, 307 

— optical illustration of intervals, 
313 

— sympathetic vibrations, 321 

— mode in which sonorous motion 
is communicated to the auditory 
nerve, 323 

Sound-boards, influence of, 89 

Sound-flgures within tubes, M. 
Kundt's experiments with, 202- 
207 

Stars, Dopplers theory of the 
coloured, 78 

Steam-jet, thunder-like sound pro- 
duced by a, in Iceland, 211 

Steel, velocity of sound transmitted 
through, and through steel- wire,39 

Stethoscope, Dr. Hooke's anticipa- 
tions of the, 42 

Stones, transmission of mtisical 
Rounds through, 79, 85 

Straw-fiddle, formation of the, 137, 
157 

Strings, vibration of, 86 

— laws of vibrating strings, 90 

— combination of direct and re- 
flected pulses, 93 

— stationary and progressive waves, 
95 

— nodes and ventral segments, 96,97 

— application of results to the vi- 
bration of musical strings, 102 

— experiments of M. Melde, 105 



VEL 
Strings — continued. 

— longitudinal and transverse im- 
pulses, 107 

— laws of vibration thus demon- 
strated, 111, 125 

— harmonic tones of strings, 115, 
116, 126 

— timbre or quality, and overtone 
and clang, 119, 127 

— Dr. Young's experiments on the 
curves described by vibrating 
piano wires, 123 

— longitudinal vibrations of a wire, 
159 

with one end 

fixed, 163 
with both ends 

free, 164 
Summation tones, 282 
Sycamore wood, velocity of sound 

transmitted through, 41 
Syren, description of the, 63 

— sounds, description of the, 63 

— its determination of the rate of 
vibration, 68 

— the double syren, 76, 289 



TARTINl'S tones, 276. See Re- 
sultant Tones 
Timbre, or quality of sound, defini- 
tion of, 117 
Tonometer, Chladni's, 131 
Tuning-fork, vibrations of a, 58 

— graphic representations of the vi- 
brations on a piece of smoked 
glass, 59 

— M. Lissajous' method of giving 
optical expression to the vibra- 
tions, 60 

— strings set in motion by tuning- 
forks, 102 

— vibrations of the tuning-fork as 
analysed by Chladni, 137 

— nodes and overtones of a tuning- 
fork, 139, 157 

— interference of waves of the, 272 
Turpentine, velocity of sound trans- 
mitted through spirits of, 38 



T7EL0C1TY of sound, influence of 
Y temperature on, 24 
— influence of density and elasticity 
on, 25 
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Velocity — continued. 

— determination of, 26 

— Newton's calculation, 27 

— velocity of sound in different 
gases, 37 

— and transmitted through various 
liquids and solids, 37-40 

— relative velocities of sound in 
brass and iron, 162 

— relation of velocity to pitch, 171 

— velocity deduced from pitch, 190 
Ventral segments, 97 
Vibrations of a tuning-fork, 58 

— representations of the vibrations 
on a piece of smoked glass, 59 

— method of giving optical expres- 
sion to the vibrations of a tuning- 
fork, 60 

— illustration of the dependence 
of pitch on rapidity of vibration, 
67 

— the rate of vibration determined 
by the syren, 68 

— determination of the length of 
the sound wave, 69, 84 

— various definitions of vibrations, 
69, 84 

— vibration of strings, 86 

— laws of vibrating strings, 90 

— direct and reflected pulses illus- 
trated, 93 

— application of the result to the 
vibration of musical strings, 102 

— M. Melde's experiments on the 
vibration of strings, 105 

— longitudinal and transverse im- 
pulses, 107 

— vibration of a red-hot wire, 110 

— laws of vibration thus demon- 
strated, 111, 125 

— new mode of determining the law 
of vibration, 113 

— harmonic tones of strings, 115, 
116, 126 

— vibrations of a rod fixed at both 
ends ; its subdivisions and corre- 
sponding overtones, 128 

— vibrations of a rod fixed at one 
end, 129 

— Chladni's tonometer, 131 

— Wheatstone's Kaleidophone, 132 

— vibrations of rods free at both 
ends, 135 

— nodes and overtones rendered 
visible, 139-141 



WAT 
Vibrations of square plates, 144 

— of discs and bells, 147 

— longitudinal vibrations of a wire, 
159, 212 

with one end 

fixed, 163 
with both ends 

free, 164 

— divisions and overtones of rods 
vibrating longitudinally, 166 

— examination of vibrating bars by 
polarised light, 168 

— vibrations of stopped pipes, 180 
of open pipes, 182 

— a node the organ of vibration, 209 

— law of vibratory motions in water 
and air, 255 

— superposition of vibrations, 258 

— theory of beats, 263 

— sympathetic vibrations, 321 

— M. Lissajous' method of studying 
musical vibrations, 307 

Violin, formation of the, 89 

— sound-board of the, 89 

— the iron fiddle, 132, 156 

Voice, human, action of hydrogen 
upon the, 9 

— sonorous waves of the, 71 

— description of the organ of voice, 
195 

— causes of the roughness of the 
voice in colds, 196 

— causes of the squeaking falsetto 
voice, 197 

— Miiller's imitation of the action 
of the vocal chords, 197 

— formation of the vowel-sounds, 
197 

— synthesis of vowel-sounds, 200 
Vowel-flame, the, 241 
Vowel-sounds, formation of the, 197 

— synthesis of, 200 



WATER-WAVES, stationary, 
phenomena of, 100 
Water, velocity of sound in, 37, 
38 

— transmission of musical sounds 
through, 78 

— effects of musical sounds on jets 
of water, 245 

— delicacy of liquid veins, 247 

— law of vibratory motions in 
water, 255 
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WAV 



Wave-length, definition of, 63 

— determination of the length of 
the sonorous wave, 69 

— definition of sonorous wave, 69 
Wave-motion, illustration, 93-97 

— law of, 256 

Waves of the sea, causes of the roar 

of the breaking, 56 
Weber, Messrs., their researches on 

wave-motion, 97 
Wetterhom, echoes of the, 17 
Wheatstone, Mr., his Elaleidophone, 

132 
Wires. See Stbixos 
Wood, velocity of sound transmitted 

through, 41 



YOU 



Wood, musical sounds transmitted 
through, 80 

— the claque-bois, 137 

— determination of velocity in wood, 
170 

Woodstock Park, echoes in, 20 



YOUNG, Dr. Thomas, his proof of 
the relation of the point of a 
string plucked to the overtones, 
118 

— on the curves described by 
vibrating piano wires, 123 

— his theory of resultant tones, 281 
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